Our  International  Conference  is  dedicated  to  celebration  of 
130  years  since  the  birth  of  Evgeny  O.Paton,  the  prominent  scientist 
and  engineer,  whose  creative  work  led  to  a  radical  change  in  the  atti¬ 
tude  to  welding  as  "the  science  of  making  barrels  without  rivets",  and 
to  realization  that  this  technology  could  be  a  key  factor  ensuring 
technical  progress  in  all  industries  which  use  metal  as  the  basic  struc¬ 
tural  material. 

Anticipating  a  great  future  of  welding,  seventy  years  ago 
Evgeny  Paton  founded  a  specialized  scientific  institution  in  the  sys¬ 
tem  of  the  Academy  of  Sciences  of  Ukraine  with  a  mission  of  carry¬ 
ing  out  integrated  research  at  an  interdisciplinary  level,  as  well  as 
development  and  implementation  of  welding  technologies,  equipment 
and  materials.  With  time  this  institution  has  evolved  into  a  world-largest  scientific-and-technical  com¬ 
plex  bearing  proudly  the  name  of  its  founder. 

A  welded  structure  is  a  purport  and  purpose,  alpha  and  omega  of  welding  technologies.  The 
acme  of  creation  of  academician  E. O.Paton  is  the  bridge  across  the  Dnipro  river  in  Kyiv,  a  grand,  one- 
and-a-half-kilometer  long  all- welded  structure,  which  has  been  in  use  for  almost  half  a  century  and 
embodied  the  most  daring  dreams  and  results  of  the  inspired  labour  of  its  founder  and  team  of  scien¬ 
tists,  designers,  engineers  and  workers  guided  by  him. 

"Welded  Structures"  —  this  is  a  laconic  title  of  our  Conference,  which  will  include  sessions  and 
discussions  of  papers  to  be  presented  by  experts  from  many  countries  all  over  the  world,  focusing  on 
the  most  important  science  and  technology  results  obtained  lately  in  the  field  of  welding  fabrication. 
As  to  their  subject  matter,  the  papers  will  cover  a  very  wide  range  of  the  problems,  including: 

♦  new  types  of  welded  structures,  application  of  advanced  structural  materials,  optimization  of 
structures,  automation  of  their  computation  and  design  methods; 

♦  strength  of  welded  joints  and  structures,  theoretical  and  experimental  studies  of  their  stress- 
strain  states,  methods  for  regulation  of  welding  stresses  and  strains; 

♦  technical  diagnostics  and  estimation  of  residual  life  of  welded  structures,  methods  for  improv¬ 
ing  reliability  and  extending  service  life  of  welded  structures; 

♦  technologies  and  equipment  for  welding  structures,  automation  of  fabrication  and  improve¬ 
ment  of  manufacture  precision  and  quality; 

♦  certification  of  the  welding  industry  products,  training  and  attestation  of  specialists. 

I  am  sure  that  the  comprehensive  exchange  of  the  most  recent  information  on  the  latest  achieve¬ 
ments  in  the  field  of  welding  fabrication  will  strengthen  the  international  scientific-and-technical  coop¬ 
eration  and  progress,  stimulate  creative  search,  yield  novel  results  and  allow  the  new  and  beneficial 
scientific  and  business  contacts  to  be  established. 

I  wish  all  participants  of  the  International  Conference  "Welded  Structures"  the  intensive  and 
fruitful  work. 


B.  E.  Paton 
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WELDED  STRUCTURES 


MODERN  TRENDS  TOWARD  INCREASE  IN 
STRENGTH  AND  LIFE  OF  WELDED  STRUCTURES 


B.E.  PATON 

The  E.O.  Paton  Electric  Welding  Institute,  NASU,  Kyiv,  Ukraine 


ABSTRACT 

The  set  of  topical  problems  associated  with  fabrication  of  high-efficiency  welded  structures,  increase  in  their 
strength  and  reliability  and  extension  of  their  life  is  presented.  The  importance  of  improvement  of  scientific 
approaches  to  design  of  welded  joints  is  shown.  Consideration  is  given  to  issues  related  to  evaluation  of  performance 
of  main  and  process  pipelines  and  effect  of  plastic  deformation  on  fracture  toughness  of  pipe  steels.  Results  of 
investigations  aimed  at  development  of  methods  for  improvement  of  fatigue  resistance  of  welded  joints  and  fatigue 
crack  arresting  are  presented.  The  demand  for  a  wider  application  of  high-strength  steels  is  noted.  Capabilities 
of  the  acoustic  emission  and  optical  holography  methods  in  terms  of  using  them  for  diagnostics  of  welded  structures 
are  considered. 


Key  words:  welded  structures,  design,  fabrication, 
strength,  operation,  safety  factor  for  reliability,  fatigue  life . 

The  part  played  by  welded  structures,  which  are 
extensively  used  in  construction,  power  engineer¬ 
ing,  transport,  ship  building  and  other  industries, 
is  increasing  in  importance.  They  work  on  Earth, 
under  water,  in  space,  at  normal,  high  and  cryo¬ 
genic  temperatures,  in  aggressive  environments  an 
under  conditions  of  heavy  radiation.  This  leads  to 
progressively  increasing  requirements  to  their  qua¬ 
lity,  reliability  and  life,  which  generates  the  need 
for  finding  new  design-technology  solutions,  im¬ 
provement  of  the  design  methods,  comprehensive 
investigation  of  strength  of  welded  joints  and  op¬ 
timization  of  technologies  used  for  the  fabrication 
of  structures. 

Historically,  the  majority  of  critical  structures 
in  use  in  many  countries  are  approaching  their  criti¬ 
cal  age.  Entire  industries,  such  as  power  engineer¬ 
ing  and  transport,  turn  out  to  be  in  a  difficult 
situation.  Of  special  concern  is  technical  state  of 
bridge  structures.  The  state  of  main  gas  and  oil 
pipelines  is  also  disturbing.  An  increasing  share  of 
old  pipelines  which  have  exhausted  their  assigned 
life  is  one  of  the  main  causes  of  an  increased  number 
of  accidents.  The  problems  of  residual  life  of  power 
generating  equipment  at  heat  and  nuclear  power 
stations  (NPS),  petrochemical  equipment  and  rail¬ 
way  transport  rolling  stock  become  more  and  more 
pressing.  The  situation  is  complicated  also  by  the 
fact  that  there  are  cases  where  the  regulatory-tech¬ 
nical  documents  required  for  ensuring  reliable  and 
safe  operation  of  industrial  and  utility  facilities  get 
out  of  date  or  are  unavailable  at  all. 

Therefore,  the  problem  of  development  of  sci- 
entific-and-technical  approaches  to  evaluation  and 
extension  of  life  of  welded  structures  is  extremely 
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pressing.  Such  approaches  should  be  based  on  a 
comprehensive  analysis  of  all  stages  of  the  life  cycle 
of  structures,  including  design,  fabrication  and  ope¬ 
ration.  To  obtain  reliable  information  on  their  tech¬ 
nical  state,  it  is  necessary  to  make  use  of  the  up- 
to-date  means  of  technical  diagnostics. 

Mass  fraction  of  weld  metal  in  welded  struc¬ 
tures  rarely  exceeds  1  %.  However,  the  role  it  plays 
in  ensuring  safe  operation  of  a  structure  is  very 
important.  As  proved  by  statistics,  70  -  80  %  of 
all  failures  registered  in  structures  is  related  to 
welded  joints.  Therefore,  the  challenge  now  is  to 
improve  quality  of  design  of  welded  joints  on  the 
basis  of  current  requirements.  The  problem  of  de¬ 
sign  has  many  aspects.  Some  of  them  are  considered 
below. 

Aspect  one  is  associated  with  the  necessity  for 
the  in-depth  investigation  into  behaviour  of  diffe¬ 
rent  zones  of  welded  joints  in  advanced  structural 
materials  under  actual  service  conditions,  espe¬ 
cially  in  their  long-time  operation  under  extraor¬ 
dinary  conditions.  This  can  be  illustrated  by  an 
example  of  the  well-known  case  of  sensitization  of 
austenitic  steels  of  the  18-10  type  (AISI  304),  i.e. 
susceptibility  of  the  weld  zone  of  welded  joints  in 
such  steels  to  formation  and  development  of  inter¬ 
crystalline  stress  corrosion  cracks.  Similar  failures 
were  detected  in  pipes  of  power  units  of  the  BWR 
type  at  some  of  the  US  NPS  approximately  30  years 
ago.  About  25  %  of  joints  in  pipes  had  such  defects. 
So,  that  required  cardinal  measures  to  be  taken  and 
high  costs  to  be  incurred.  At  NPS  with  the  RBMK 
type  units  the  main  process  pipings  with  a  nominal 
diameter  Dn  300  in  the  multiple  forced  circulation 
systems  were  made  allowing  for  the  US  experience. 
Steel  of  the  08I<hl8N9T  grade  is  characterized  by 
a  higher  resistance  to  the  above  failures.  Neverthe¬ 
less,  the  level  of  this  resistance  was  obviously  in¬ 
sufficient  for  actual  service  conditions,  which  was 
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evidenced  by  the  results  of  inspection  conducted 
at  the  Leningrad,  Kursk,  Smolensk  and  Chernobyl 
NPS.  Steel  08KM8N9T  has  a  relatively  high  con¬ 
tent  of  carbon,  and  its  titanium  stabilization  is 
insufficient  to  suppress  formation  of  chromium  car¬ 
bides  in  the  weld  metal  zone  of  the  welded  joints. 
However,  this  circumstance  was  ignored  at  the 
stage  of  design. 

It  should  be  noted  that  the  technology  for  butt 
welding  of  pipings  used  by  the  manufacturer  pro¬ 
vided  a  sufficiently  high  labour  productivity.  The 
level  of  residual  transverse  stresses  on  the  internal 
surface  of  the  pipes  was  close  to  yield  strength  of 
a  material,  which  also  contributed  to  formation 
and  propagation  of  stress  intercrystalline  corrosion 
cracks  in  the  HAZ.  This  can  be  avoided  to  a  con¬ 
siderable  degree  by  modifying  the  welding  tech¬ 
nology,  i.e.  by  increasing  the  number  of  passes  and 
decreasing  the  welding  heat  input. 

Making  welded  joints  in  casings  of  the  WWER 
type  nuclear  reactors  is  also  a  well-known  problem. 
Service  life  of  NPS  with  this  type  of  reactors  is 
determined  primarily  by  the  radiation  life  of  the 
reactor  casing,  which  in  turn  depends  upon  brittle 
fracture  resistance  of  the  casing  material.  In  this 
case  the  basic  and  limiting  parameter  for  the 
WWER  type  reactors  is  the  critical  brittle  tem¬ 
perature  of  the  weld  metal  located  in  front  of  the 
active  section  of  the  reactor  and  thus  subjected  to 
the  maximum  neutron  radiation.  Unfortunately,  a 
high  content  of  harmful  impurities  in  the  weld  me¬ 
tal  (such  as  phosphorus,  copper,  etc.)  enhances 
embrittlement  and  leads  to  the  need  of  using  special 
expensive  measures  for  its  elimination. 

The  second  aspect  of  the  problem  of  design  of 
welded  joints,  which  requires  special  considera¬ 
tion,  is  the  use  of  advanced  approaches  of  fracture 
mechanics  for  evaluation  of  limiting  states  of 
welded  joints  under  different  loading  conditions. 
The  explanation  is  that  the  traditional  way  of  elimi¬ 
nating  fracture  of  welded  structures,  which  is  based 
primarily  on  limitation  of  sizes  and  quantity  of 
defects,  decrease  in  stress  concentration,  avoidance 
of  crack-like  defects  and  ensuring  the  required  level 
of  metal  toughness  by  results  of  testing  of  standard 
samples,  does  not  always  guarantee  high  reliability 
of  the  structures.  The  concept  which  makes  allow¬ 
ance  for  existence  of  crack-like  defects  in  welded 
structures,  not  revealed  by  the  NDT  methods  em¬ 
ployed,  and  which  is  termed  as  the  «the  fitness  for 
purpose»  gains  an  increasing  international  accep¬ 
tance,  as  it  is  based  not  only  on  the  empirical 
method  but  also  on  the  quantitative  calculation 
methods.  Despite  significant  theoretical  advances 
in  this  area  achieved  also  in  Ukraine,  practical  ap¬ 
plication  of  modern  methods  of  fracture  mechanics 
for  design  of  welded  joints  is  restricted  by  the  ab¬ 
sence  of  the  appropriate  regulatory  base.  Mean¬ 
while,  as  far  back  as  in  1990  the  IIW  issued  the 
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Figure  1.  Diagram  of  maximum  permissible  sizes  of  the  damaged 
zone  versus  erosion -corrosion  wear  of  piping  (Sr,  Sd  and  Sw  — 
rated,  design  and  wear  zone  thickness  of  the  pipe  wall,  respec¬ 
tively;  Lr  and  Ld  —  length  of  the  wear  zone  corresponding  to 
the  rated  and  design  wall  thickness,  respectively;  R*m  —  mean 
radius  of  the  pipe  in  the  wear  zones) 


document  «The  Fitness  for  Purpose  of  Welded 
Structures »  (IIW/IIS-1 157-90),  giving  a  detailed 
description  of  the  procedure  for  applying  the  above 
approaches  for  design  of  welded  joints,  which  is 
well-suitable  to  be  the  basis  for  development  of  the 
corresponding  national  regulatory  documents. 

One  of  the  causes  of  emergency  situations  at 
nuclear  and  heat  power  stations  is  erosion-corrosion 
wear  of  internal  surfaces  of  pipes  that  transport 
working  medium  under  conditions  of  high  pres¬ 
sures,  temperatures  and  velocities.  The  regulatory 
documents  in  force  in  the  CIS  countries,  which 
specify  rejection  of  sections  of  pipes  with  such  a 
damage,  fail  to  objectively  estimate  their  service¬ 
ability.  The  only  criterion  of  permissibility  of  their 
further  operation  as  specified  in  these  documents 
is  wall  thickness  of  piping  within  the  zone  of  local 
wear.  Investigations  conducted  at  the  E.O.Paton 
Electric  Welding  Institute  resulted  in  development 
of  a  cardinally  new  approach  to  evaluation  of 
strength  of  pipe  sections  with  erosion-corrosion 
wear  and  prediction  of  their  residual  life.  The  ap¬ 
proach  is  based  on  theoretical  and  experimental 
dependencies  characterized  by  such  relationships 
of  limiting  values  of  depth  and  length  of  the  da¬ 
maged  zone  which  ensure  the  design  strength  of  a 
piping  to  persist  for  its  entire  service  life  (Fi¬ 
gure  1). 

Estimation  of  operational  state  and  residual  life 
of  main  pipelines  takes  a  special  place.  There  is  no 
need  to  note  that  main  pipelines  in  their  signifi¬ 
cance,  length  and  environmental  impact  are  of  para¬ 
mount  importance  among  other  engineering  struc¬ 
tures.  Recent  investigations  show  that  despite  the 
efficient,  as  they  seem,  methods  of  corrosion  pro¬ 
tection,  main  pipelines  are  prone  to  formation  of 
numerous  defects  of  both  corrosion  and  mechanical 
origin.  When  the  point  is  to  reveal  the  most  dan¬ 
gerous  service  defects,  consideration  is  usually 
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Figure  2.  Operational,  as  well  as  critical  (A  and  tolerable  (■ 
pressures  calculated  with  allowance  for  corrosion  damage  in 
two  sections  of  oil  pipelines  neighbouring  the  compressor  plants: 
P  —  pressure,  L  —  length  of  the  pipeline  section 

given  to  two  approaches:  pressure  testing  and  in¬ 
pipe  diagnostics. 

It  should  be  admitted  that  the  use  of  the  first 
approach  does  not  ensure  the  desirable  performance 
of  a  pipeline.  This  is  associated  with  the  fact  that 
along  with  revealing  the  most  dangerous  zones,  it 
contributes  to  development  of  the  less  dangerous 
defects  the  effect  of  which  on  strength  can  show 
up  later  with  time.  At  the  same  time,  in-pipe  di¬ 
agnostics  enables  volumetric  corrosion  damage  to 
be  detected  and  wall  thickness  of  a  pipe  to  be  mea¬ 
sured  at  a  high  degree  of  accuracy  and  reliability. 
However,  detection  of  plane  defects  in  welded 
joints  involves  certain  difficulties.  This  makes  it 
necessary  to  use  a  more  precise  method  to  estimate 
condition  of  a  pipeline  by  the  data  of  selective 
inspection  of  individual,  most  critical  locations, 
i.e.  hot  zones.  Diagnostics  of  these  zones  is  a  sepa¬ 
rate  scientific-and-technical  challenge.  It  involves 
a  number  of  problems  associated  with  substantia¬ 
tion  of  the  method  for  determination  of  the  pitting 
locations,  as  well  as  other  external  NDT  methods. 
Importance  of  such  problems  is  illustrated  in  Fi¬ 
gure  2,  which  gives  an  idea  of  the  quantity  and 
degree  of  danger  of  corrosion  defects  in  one  of  the 
oil  pipelines. 

Problems  associated  with  diagnostics  of  main 
pipelines  are  not  limited  just  to  results  of  in-pipe 
NDT.  There  are  some  aspects  which  are  related 


both  to  estimation  of  permissible  defects  and  opti¬ 
mization  of  repair  of  main  pipelines.  It  should  be 
noted  that  existing  standards  and  literature  data 
have  substantial  differences  regarding  determina¬ 
tion  of  sizes  of  permissible  defects.  In  addition, 
conditions  causing  growth  of  technological  defects 
with  time  require  further  investigations.  In  par¬ 
ticular,  apart  from  the  corrosion  impact,  it  is  ne¬ 
cessary  to  establish  the  exact  conditions  which 
cause  propagation  of  fatigue  cracks  from  conven¬ 
tional  technological  defects. 

In  evaluation  of  serviceability  of  pipelines  it  is 
necessary  to  take  into  account  probable  degradation 
of  service  properties  of  metal  as  a  result  of  its  ageing 
with  time  (e.g.  general  and  local  changes  in  fracture 
toughness  associated  with  peculiarities  of  hydraulic 
and  mechanical  expansion  of  pipes,  forming,  etc.). 
Ignoring  these  peculiarities  may  lead  to  formation 
of  inadmissible  errors  in  estimation  of  crack  resis¬ 
tance  of  pipelines. 

As  proved  by  practice,  conditions  of  operation 
of  pipelines  differing  from  the  normal  ones  can 
cause  a  fundamental  change  in  mechanical  proper¬ 
ties  of  metal.  In  this  case  the  important  factors  are 
the  stressed-strained  state  and  environment.  It 
should  be  noted  that  under  the  effect  of  these  fac¬ 
tors  embrittlement  of  metal  occurs  in  local  zones, 
and  it  should  not  spread  to  all  metal  of  the  pipeline. 

Properties  of  metals  are  greatly  affected  by  plas¬ 
tic  deformation.  It  can  occur  in  zones  of  design 
stress  raisers  (zones  of  wel  ding  of  T-joints  or  branch 
pipes  to  pipelines),  different  types  of  defects 
(cracks,  zones  of  lack  of  penetration  or  lack  of 
fusion,  dents,  scratches,  tool  marks)  and  changes 
of  pipe  geometry.  Results  of  investigation  of  the 
effect  exerted  by  the  level  of  plastic  deformation 
of  tension  81  and  compression  £2  on  fracture  tough¬ 
ness  are  shown  in  Table  1.  Plastic  deformation 
causes  a  substantial  decrease  in  fracture  toughness. 
Thus,  at  a  value  of  plastic  deformation  equal  to 
20  %,  resistance  of  steel  of  the  17G1S  grade  to 
initiation  of  tough  fracture  decreases  almost  to  the 
level  of  the  brittle  state.  The  lowest  values  of  frac¬ 
ture  toughness  were  fixed  on  samples  simulating 
typical  mechanical  damage  of  metal  of  the  pipes, 
i.e.  dents  with  shallow  surface  tears  (cracks). 

Since  most  of  welded  structures  operate  under 
conditions  of  repeated-alternating  loading,  their  fa¬ 
tigue  is  a  very  important  problem.  It  determines 


Table  1.  Fracture  toughness  of  pipe  metal  (5;  at  the  stage  of  initiation  of  tough  crack,  8t  at  the  stage  of  its  transition  to 

unstable  condition)  depending  upon  the  level  of  plastic  deformation  of  tension  ^  and  compression  e? 

Steel  grade 

Sc ,  mm 

ei  >  ' 

£ 

£2>  % 

0 

5 

10 

15 

0 

10 

20 

17G1S 

s, 

0.13 

0.11 

0.09 

0.08 

0.20 

0.11 

0.04 

5t 

0.38 

0.23 

0.11 

0.09 

0.25 

0.21 

0.08 

10G2BT 

5, 

0.24 

0.15 

0.10 

0.09 

0.23 

0.21 

0.09 

0.34 

0.21 

0.17 

0.17 

0.31 

0.25 

0.12 
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Figure  3.  Fatigue  curves  plotted  for  tubular  connections  at 
asymmetrical  loading  cycle:  /  —  connections  treated  by  ultra¬ 
sonic  peening;  2  —  untreated  connections  (<Ja  —  load  ampli¬ 
tude) 


the  life  of  welded  bridges,  railway  rolling  stock, 
hoisting  machines  and  apparatuses,  off-shore  sta¬ 
tionary  platforms,  tower-type  antenna  structures, 
agricultural  machines  and  many  other  structures. 
This  makes  it  necessary  to  give  a  serious  considera¬ 
tion  to  development  of  methods  for  increasing  fa¬ 
tigue  resistance  of  welded  joints.  An  efficient  means 
in  this  respect  is  the  use  of  strengthening  opera¬ 
tional  treatment  of  welds,  especially  ultrasonic 
peening.  This  method  was  elaborated  from  tech¬ 
nologies  of  surface  plastic  deformation  of  welds. 
In  addition,  this  treatment  leads  to  relaxation  of 
residual  stresses  in  the  weld  and  induces  favourable 
tensile  stresses  in  the  surface  layers  of  the  metal. 

Figure  3  illustrates  the  efficiency  of  ultrasonic 
peening  of  welded  joints  in  terms  of  increasing 
fatigue  resistance  of  tubular  connections.  It  re¬ 
sulted  in  doubling  the  fatigue  limit  and  increasing 
the  fatigue  life  by  an  order  of  magnitude. 

Premature  formation  of  fatigue  cracks  was  de¬ 
tected  in  welded  joints  of  solid-wall  superstruc¬ 
tures  of  railway  bridges,  frames  of  cars  and  bodies 
of  some  types  of  railway  locomotives  and  wagons, 
cranes  and  other  structures  at  an  early  stage  of 
their  operation.  Most  often  it  is  the  case  of  those 
structural  members  in  which  formation  of  such 
cracks  was  not  expected  and  which  were  not  de¬ 
signed  for  the  effect  of  alternating  loads.  Formation 
of  cracks  is  attributable  to  ignoring  the  effect  of 
local  stresses  and  vibrations  caused  by  a  groundless 
choice  of  calculation  diagrams  used  in  design,  as 
well  as  other  factors.  This  gives  rise  to  the  require¬ 
ment  of  development  of  efficient  measures  for  de¬ 
celeration  and  arresting  of  cracks  in  members  of 
the  existing  structures. 

Figure  4  shows  results  of  comparison  of  the 
efficiency  of  different  methods  used  to  arrest  fa¬ 
tigue  cracks.  The  most  common  and  practicable 
method  for  arresting  fatigue  cracks  is  welding  on 
preliminarily  made  grooves  in  regions  of  structural 
members  damaged  by  a  crack.  In  the  cases  where 
repair  of  structural  members  by  welding  causes  dif¬ 
ficulties,  the  method  recommended  for  crack  ar¬ 


Figure  4.  Cyclic  fatigue  life  of  samples  at  Rc  =  0  and  amax  = 
=  155  MPa  subjected  to  different  methods  of  arresting  of  fatigue 
cracks:  1  —  initial  condition;  2  —  drilling  of  holes  at  crack 
apex;  3  —  same  plus  installing  high-strength  bolts  in  them; 
4  —  static  overloading  to  240  MPa;  5  —  local  explosion  treat¬ 
ment;  6  —  local  heating;  7  —  repair  welding  of  cracks 

resting  is  drilling  of  holes  at  the  crack  tips  and 
installing  into  them  high-strength  bolts,  or  it  may 
be  some  other  comparatively  easy-to-use  method 
based  on  inducing  favourable  residual  compressive 
stresses  ahead  of  the  crack  tip  by  applying  static 
overloading,  local  explosion  treatment  or  local 
heating. 

The  fundamental  reserve  for  increasing  reliabi¬ 
lity  and  fatigue  life  of  welded  structures  and,  at 
the  same  time,  decreasing  metal  consumption  lies 
in  improvement  of  approaches  to  regulation  of  de¬ 
sign  loads  and  permissible  stresses.  Very  topical 
are  investigations  of  actual  loads  applied  to  welded 
connections.  Basic  causes  of  formation  of  extra 
stresses  consist  in  differences  between  operational 
loading  and  actual  service  conditions  of  a  structure 
and  those  used  in  design  calculation  diagrams. 
These  differences  are  associated  first  of  all  with 
peculiarities  of  transfer  of  loads  in  structures,  spe¬ 
cific  redistribution  of  forces  in  structural  connec¬ 
tions,  mutual  effects  of  members,  use  of  tolerances 
for  deviations  of  geometrical  dimensions  and  vibra¬ 
tion  of  individual  structural  components. 

For  example,  in  beam  superstructures  of  railway 
bridges  fatigue  cracks  are  formed  in  webs  of  main 
beams  near  breaks  of  transverse  stiffeners  (Fi¬ 
gure  5).  Such  a  damage  is  caused  by  extra  stresses 
formed  as  a  result  of  interaction  of  members  of  the 
superstructure,  as  well  as  superposition  of  vibra¬ 
tions  in  sections  of  the  beam  webs.  To  increase 
fatigue  life  of  such  connections,  it  is  recommended 
that  stiffeners  are  welded  to  the  beam  chord  and 
web  with  through  penetration  and  the  welds  are 
subjected  to  ultrasonic  peening.  Results  of  testing 
the  experimental  ring  at  VNIIZhT  (Russia)  at  an 
operating  time  equivalent  to  20  years  of  service  in 
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Figure  5.  Attachment  of  stiffeners  to  increase  fatigue  life  of 
beam  superstructures  of  railway  bridges:  a  —  typical  structure; 
b  ~  special  design  ensuring  fatigue  resistance;  /  —  fatigue 
cracks,  2  —  transverse  stiffeners;  3  —  fillet  weld  with  through 
penetration 

a  railway  network  proved  efficiency  of  this  ap¬ 
proach  to  upgrading  of  a  structure. 

Another  pressing  problem  is  development  of  sci¬ 
entifically  grounded  approaches  to  extension  of  as¬ 
signed  life  time  of  critical  load-carrying  structures 
and  ensuring  their  safe  operation.  Extension  of  life 
of  such  structures  leads  to  a  fundamental  saving, 
although  it  requires  revision  of  specifications  in 
force.  Residual  life  can  be  increased  through  a  more 
complete  utilization  of  safety  factors  used  in  design 
and  allowance  for  differences  in  calculated  and  ac¬ 
tual  operating  time.  The  reserve  for  extension  of 
service  life  can  be  found  on  the  basis  of  analysis  of 
actual  service  conditions  of  a  structure,  generali¬ 
zation  of  operational  experience,  upgrading,  repair 
and  reconditioning  of  the  weakest  connections,  im¬ 
provement  of  the  design  methods  and  use  of  new 
more  substantiated  criteria  for  evaluation  of  limi¬ 
ting  states.  Such  an  approach  to  providing  the  gua¬ 
ranteed  residual  life,  aimed  at  extension  of  the  total 
service  life  of  structures,  was  tried  out  on  super¬ 
structures  of  bridges,  tanks  for  transportation  of 
liquid  carbon  dioxide,  travelling  cranes  and  exca¬ 
vating  machines.  It  is  used  currently  for  extension 
of  life  of  load-carrying  structures  of  traction  rolling 
stock  in  railways  of  Ukraine. 


Rational  utilization  of  high-strength  martensi- 
tic-bainitic  steels  with  a  yield  strength  of  600  - 
1000  MPa  plays  an  important  role  in  solving  the 
problems  associated  with  decreasing  specific  metal 
consumption  and  increasing  operational  reliability 
and  life  of  machines,  mechanisms  and  engineering 
structures  (Table  2).  The  desirable  combination  of 
their  properties  is  achieved  at  a  carbon  content  of 
0.10-0.17  %  by  alloying  them  with  manganese, 
chromium,  nickel,  molybdenum  and  other  elements 
(total  content  of  alloying  elements  —  up  to  4  - 
6  %)  and  applying  heat  treatment. 

Main  difficulties  in  welding  high-strength 
martensitic-bainitic  steels  are  usually  associated 
with  the  necessity  to  eliminate  cold  cracking  of  the 
weld  and  HAZ  metal  and  formation  of  structures 
that  decrease  brittle  fracture  resistance  of  welded 
joints.  Special  filler  metals  were  developed  for  the 
basic  arc  welding  processes  to  produce  welded 
joints  in  such  steels  with  strength  equal  to  that  of 
base  metal  and  prevent  their  cold  cracking  (Ta¬ 
ble  3).  The  absence  of  stress  raisers  and  low  level 
of  residual  stresses  in  high-strength  steel  welded 
joints  contribute  to  a  satisfactory  resistance  to  ini¬ 
tiation  and  propagation  of  fatigue  and  brittle  frac¬ 
tures.  Experience  of  manufacture  and  many-year 
successful  operation  of  a  number  of  critical  welded 
structures  made  from  high-strength  steels  (high- 
capacity  mining  and  oil  facilities,  super-high  ton¬ 
nage  truck  beds,  building  and  hoisting  machinery, 
engineering  structures,  etc.)  are  a  conclusive  proof 
of  reliability  and  efficiency  of  the  developed  weld¬ 
ing  materials  and  processes. 

Increase  in  reliability  and  extension  of  life  of 
welded  structures  depend  upon  improvement  of  the 
diagnostics  methods.  The  method  of  acoustic  emis¬ 
sion  (AE)  shows  high  potential  in  this  respect. 
Available  are  specialized  procedures  and  devices 
based  on  the  effect  of  AE  formed  in  materials  during 
their  deformation  and  fracture. 

Portable  equipment  provides  a  reliable  moni¬ 
toring  of  technical  state  of  pressure  vessels,  main 
pipelines  and  other  structures.  Comparing  AE  sig- 


Table  2.  Chemical  composition  and  strength  properties  of  high-strength  steels 


Steel 

grade 

Content  of  elements,  wt.% 

O0.2, 

MPa 

at, 

MPa 

8, 

Impact  toughness,  J /cm2 

T test  , 

*C 

KCU 

KCV 

C 

Si 

Mn 

Cr 

Ni 

Mo 

not  less  than 

12GN2MFAYu 

0.09  -  0.14 

0.2  -  0.5 

0.90  - 

1.40 

0.2  -  0.5 

1.4  -  1.7 

0.15-0.25 

590 

690 

14 

-70 

29 

- 

12GN2MFAYu-U 

0.09-0.14 

0.2  -0.5 

0.90  - 

1.40 

0.2  -  0.5 

1.4  -  1.7 

0.15-0.25 

590 

690 

14 

-70 

- 

69 

13KhGMRB 

0.10  -  0.14 

0.2  -0.4 

0.90  - 

1.20 

0.9  -  1.3 

- 

0.30  -  0.40 

590 

690 

14 

-70 

29 

- 

14KhG2SAFD 

0.12-0.18 

0.4 -0.7 

1.40- 

1.90 

0.5 -0.8 

- 

- 

590 

690 

14 

-40 

39 

- 

12GN3MFAYuDR 

0.10-0.15 

0.2  -0.4 

1.20  - 

1.50 

- 

2.8 -3.0 

0.30  -  0.40 

685 

780 

16 

-40 

- 

78 

14KhGN2MDAFB 

0.12-0.17 

0.2  -0.4 

1.10  - 

1.40 

0.9  -  1.3 

1.7 -2.2 

0.20  -  0.30 

685 

780 

16 

-40 

- 

39 

17Kh2MB 

0.14-0.21 

0.2  -0.4 

0.45  - 

0.85 

1.4  -2.0 

- 

0.20-0.40 

690 

765 

14 

-50 

39 

- 

12KhGN2MFBDAYu 

0.09-0.15 

0.2  -0.5 

0.60  - 

1.10 

0.6  -0.9 

1.4  -  1.7 

0.40  -  0.60 

785 

885 

15 

-70 

29 

_ 

12KhGN3MAFD 

0.10-0.15 

0.2  -0.5 

1.00- 

1.30 

0.6-  1.0 

2.5  -  3.0 

0.40  -  0.60 

980 

1080 

14 

-70 

59 

- 

The 

mm 
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Figure  6.  Interference  fringes  characterizing  quality  of  a  friction  stir  welded  joint  (material  —  aluminium  alloy  6  mm  thick): 
a  —  defect-free  region;  b  —  region  containing  defect 


nals  with  actual  defects  proves  the  high  level  of 
confidence  of  the  information  obtained.  The 
method  is  helpful  in  location  of  weakened  zones  at 
early  stages  of  failure.  The  end  task  is  to  estimate 
the  residual  life.  The  AE  method  is  used  currently 
for  diagnostics  of  various  industrial  objects. 

The  AE-based  systems  for  continuous  monitor¬ 
ing  of  performance  of  structures  meeting  increased 
requirements  for  safe  operation  can  be  created  in 
the  future.  Such  systems  are  capable  of  solving  the 
problems  of  evaluation  of  a  technical  state  not  only 
of  ground  objects  but  also,  for  example,  of  space 
stations  by  transmitting  the  information  to  the 
Earth.  The  use  of  movable  diagnostic  laboratories 
equipped  with  the  basic  AE  devices  is  also  very 
efficient. 


Methods  of  optical  holography  have  high  po¬ 
tential  for  diagnostics  of  welded  structures.  The 
PWI  developed  procedures  based  on  holographic 
interferometry  for  quality  control  and  evaluation 
of  stressed-strained  state  of  welded  joints  and  struc¬ 
tures.  Available  are  compact  holographic  devices 
which  are  placed  directly  on  an  object  investigated 
and  require  no  special  vibration  isolation.  Offered 
are  the  automated  systems  for  computer  processing 
of  holographic  interference  patterns.  Holography 
is  especially  helpful  for  revealing  hard-to-control 
defects  in  structural  members  and  assemblies  of 
metallic  and  non-metallic  materials.  Figure  6  shows 
results  of  inspection  of  a  welded  joint  produced  by 
a  new  advanced  welding  method,  i.e.  friction  stir 
welding.  This  method  is  now  used  to  advantage  for 
welding  critical  structures  of  aluminium  alloys. 


Table  3.  Properties  of  welded  joints  in  high-strength  steels  (gp  2  -  600  ~  800  MPa) 


Welding  method 

Welding  consumables 

Brittle  transition 
temperature ,  T, 

°C 

Fracture 
toughness,  8i , 
mm 

Fatigue 
resistance, G-j  , 
MPa 

Automatic  submerged-arc  welding 

Welding  wires 

Sv-08KhN2GMYu, 
Sv-10KhN2GSMFTYu, 
flux  AN-17M 

-60  -  -70 

0.22  -  0.23 

70-90 

Mechanized  gas-shielded  welding 

Welding  wires 

S  v-07I<hN3GM  FTY  u , 
Sv-10KhN2GSMFTYu, 
shielding  atmosphere  Ar  +  C02 

-70  -  -80 

0.20  -  0.24 

50-70 

Manual  electric  arc  welding  using 
covered  electrodes 

Electrodes  of  ANP-8,  ANP-9, 
ANP-10  and  ANP-11  grades 
(E70  and  E85  types) 

-40  -  -60 

0.18-0.20 

50-80 
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However,  the  issue  of  ensuring  reliable  and  efficient 
control  of  quality  of  welded  joints  is  still  open,  as 
with  this  welding  method  the  probability  exists  of 
formation  of  defects  of  the  «sticking»  type,  which 
are  difficult  to  detect  by  X-ray  and  ultrasonic  me¬ 
thods.  Holographic  interferometry  allows  such  de¬ 
fects  to  be  revealed. 


They  are  detected  by  changes  in  the  interference 
fringes  compared  with  those  registered  in  a  defect- 
free  region  of  a  welded  joint. 

In  conclusion  it  is  appropriate  to  note  that  find¬ 
ing  solutions  to  important  problems  of  increasing 
strength,  reliability  and  life  of  welded  structures 
requires  active  interaction  of  specialists  from  the 
world-leading  welding  centres. 
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ABSTRACT 

The  paper  describes  the  solution  of  the  problem  of  construction  of  an  acousto-solidification  model  of  coarse-grained 
materials,  allowing  for  the  features  of  structure  formation,  geometrical  and  energy  factors  of  ultrasonic  waves 
attenuation.  Analytical  dependencies  were  derived,  a  program  was  prepared  and  some  results  of  calculation  of 
the  passage  and  scattering  of  all  types  of  US  waves  are  given.  A  conclusion  is  made  on  the  need  to  take  into 
account  the  actual  geometry  and  energy  of  the  US  beam  for  a  correct  interpretation  of  the  results  of  UT  of  the 
objects  from  materials  of  the  above  type. 


Key  words:  ultrasonic  testing ,  weld,  coarse-grained 
materials ,  crystalline  structure. 

The  main  problems  arising  in  performance  of  ul¬ 
trasonic  testing  (UT)  of  coarse-grained  materials 
(grain  size  is  commensurate  with  the  US  wave 
length)  are  considerable  attenuation  and  high  level 
of  structural  noise  caused  by  scattering  of  US  waves 
in  the  polycrystalline  material.  At  UT  of  coarse¬ 
grained  materials  with  an  oriented  structure  cha¬ 
racteristic  of  austenitic  welds,  as  well  as  the  welds 
made  by  the  process  of  electroslag  welding,  casting, 
etc.,  these  problems  are  aggravated  by  deviation 
and  distortion  of  the  US  beam,  thus  leading  to 
incorrect  interpretation  of  the  control  results,  and 
very  often  also  to  the  impossibility  of  its  perfor¬ 
mance.  The  existing  procedures  of  UT  of  coarse¬ 
grained  materials  provide  a  partial  solution  of  this 
problem,  as  the  majority  of  them  do  not  take  into 
account  the  actual  crystalline  structure  of  the  ma¬ 
terials.  Therefore,  a  procedure  suitable  for  control 
of  certain  types  of  coarse-grained  materials,  may 
be  unfit  for  others. 

N.E.  Bauman  MSTU  performed  the  work  al¬ 
lowing  a  new  approach  to  the  technology  of  UT  of 
coarse-grained  materials  to  be  presented.  Proceed¬ 
ing  from  analysis  of  the  process  of  metal  solidifi¬ 
cation,  the  weld  or  casting  macrostructure  is  cal¬ 


culated  and  the  solidification  model  is  plotted. 
Then,  the  US  wave  passage  through  a  non-uniform 
anisotropic  polycrystalline  medium  is  studied  and 
an  acoustic  model  is  constructed  which  permits  the 
main  factors  of  damping  to  be  taken  into  account, 
namely:  attenuation,  refraction  on  the  fusion 
boundary  and  its  transparency;  deviation  of  the 
beam  propagation  from  the  wave  normal  and  dis¬ 
tortion  of  the  sound  beam. 

The  thus  constructed  acousto-solidification 
model  enables  determination  by  calculation  of  the 
optimal  parameters  and  interpretation  of  the  results 
of  UT  of  coarse-grained  materials  with  different 
poly  crystalline  structure. 

Material  structure.  Three  kinds  of  structures 
can  be  distinguished,  namely  coarse-grained  with 
equiaxial  crystals  (HAZ  of  welded  joints,  central 
part  of  ingots,  forgings),  coarse-crystalline  with 
columnar  crystals  (austenitic  welds,  welds  made 
by  electroslag  welding,  ingots)  and  fine-crystalline 
(base  metal  of  the  welded  joints,  outer  crust  of 
ingots). 

Control  of  materials  or  zones  of  welded  joints 
with  a  coarse-crystalline  or  coarse-grained  struc¬ 
ture  where  energy  losses  are  found  due  to  US  wave 
scattering  on  the  grain  boundaries,  deviation  and 
distortion  of  US  beams,  is  of  special  interest. 

Description  of  the  solidification  model.  An 
electroslag  welded  joint  can  serve  as  a  typical  ex- 
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Figure  1.  Projections  of  a  crystallite  axis  on  the  coordinate 
planes  XOY  (a),  XOZ  ( b )  (/  =  30  mm,  p  =  10  mm,  h  =  15  mm, 
X  =  5) 


Figure  2.  Change  of  the  angles  of  inclination  of  the  crystallite 
axis  to  the  coordinate  axes  depending  on  Ky  ~  Y/P  (a)  and 
K,  =  Z/H  ( b )  at  Z/H  =  0.5,  X/L  =  0.5,  Y/P  =  0.5 


ample  of  production  of  the  coarse-grained  struc¬ 
ture.  When  the  welding  model  is  constructed,  the 
solidification  front,  shape  of  the  crystallite  axes 
and  change  of  the  crystallite  width  with  its  growth, 
are  calculated. 

Solidification  front.  The  broadest  class  of  weld 
pools  found  in  practice,  are  described  by  the  equa¬ 
tion  of  an  ellipsoid  with  semiaxes  /,  p  and  h 


2  2  2 
x  y  z_ _ , 

,2  +  2  +  ,2  -  1 

/  p  h 


where  x,  y,  z  are  the  current  coordinates;  l,  p ,  and 
h  are  the  length,  half-width  and  depth  of  the  so¬ 
lidification  front,  respectively.  Introducing  a  ficti¬ 
tious  ellipsoid  [1],  we  obtain  the  design  section  of 
the  weld  pool  of  an  ellipsoidal  shape. 

Shape  of  the  crystallite  axes.  Calculation  of 
the  spatial  position  of  the  crystallites  axes  is  theo¬ 
retically  possible.  Study  [1]  gives  the  basic  solu¬ 
tions  for  calculation  of  the  projections  of  the  crys¬ 
tallite  axes  on  the  coordinate  planes.  For  weld  pools 
of  an  ellipsoidal  shape,  using  expressions 


N T 

f 5 2 - ^ 

1_Y_Y„2(P///) 

1  ?  o  y 

y 

P 

\  / 

dy 


x 


V 


Mp/m 


VXy 


dz  > 


where  H,  P,  L  are  the  semiaxes  of  the  fictitious 
2 

ellipsoid;  %  =  zy  ^ H ^  ,  we  obtain  the  projections 
of  the  crystallite  axes  on  planes  XOY  and  XOZ 
(Figure  1),  as  well  as  angles  a,  (5  and  y,  made  by 
the  tangent  to  the  crystallite  axis  with  the  coordi¬ 
nate  axes  (Figure  2). 

Change  of  the  crystallite  width.  Reduction  of 
the  crystallite  cross-section  with  their  growth  lends 
itself  to  analytical  assessment  and  depends  on  the 
solidification  schematic.  Calculation  dependencies 
are  given  in  [1  ]. 

Description  of  the  acoustic  model.  In  order  to 
construct  the  acoustic  model  let  us  conditionally 
represent  the  coarse-grained  structure  in  the  form 
of  a  totality  of  grains  disoriented  relative  to  each 
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other  (Figure  3).  In  this  case,  we  assume  that  the 
grains  are  cubes  with  side  a ,  and  crystallites  are 
regular  hexahedral  prisms  of  length  b  and  trans¬ 
verse  dimension  a ,  which  are  in  close  contact  with 
each  other.  The  acoustic  properties  of  such  media 
are  characterised  by  moduli  of  elasticity  produced 
by  averaging  the  moduli  of  elasticity  of  the  single¬ 
crystal  by  its  possible  orientations.  Let  us  consider 
the  passage  of  plane  US  waves  through  such  inho¬ 
mogeneous  media. 

Attenuation.  In  the  general  case,  the  coefficient 
of  attenuation  is  made  up  by  the  coefficients  of 
absorption  and  scattering.  In  the  metal  with  a  poly¬ 
crystalline  structure,  the  determinant  factor  is  scat¬ 
tering,  therefore  let  us  only  take  into  account  the 
scattering  of  ultrasound  in  calculation  of  attenu¬ 
ation. 

Let  us  consider  an  individual  grain  (scatterer) 
which  is  located  in  a  system  of  disoriented  grains 
(environment).  Let  us  represent  the  moduli  of  elas¬ 
ticity  of  such  an  inhomogeneous  medium  in  the 
form  of 


Cijkl  —  Cjjki  +  5 Cyki  at  r  e  V, 

Cijki  =  Cijki+§Cijki  at  r  £  V, 

where  8 Cyki  -  Cijkl  ~  C^i  is  the  difference  in 
moduli  of  elasticity  in  both  media;  V  is  the  grain 
volume;  r  is  the  radius-vector  of  the  point  of  ob¬ 
servation. 

It  is  known  that  the  crystals  of  the  ferritic-pear- 
litic  and  austenitic  steels  are  characterised  by 


Figure  3.  Models  for  design  of  the  coarse-crystalline  ( a )  and 
coarse-grained  ( b )  structures 
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5,  dB/mm 


Figure  4.  Change  of  the  coefficient  of  scattering  of  US  waves, 
depending  on  the  angle  of  incidence  on  the  crystallites  (/*  = 
-  2.5  MHz,  a  =  100  pm,  6  =  4  mm);  SV,  SH  —  wave  types 


5,  dB/mm 


Figure  5.  Dependence  of  the  coefficient  of  scattering  of  an  SV 
type  transverse  wave  on  frequency  (a  =  100  pm,  6  =  4  mm,  0  = 
=  45°) 


moduli  of  elasticity  of  the  cubic  system.  The  moduli 
of  elasticity  of  the  environment  are  derived  by  ave¬ 
raging  the  moduli  of  elasticity  of  the  single-crystal 
by  the  possible  crystallographic  orientations 

for  the  crystallites  system  (Figure  3,  a) 

2k 

Cjju  =  1/(2k)  J  Cijki  «p)  d<. p, 

0 

for  the  grain  system  (Figure  3,  b) 

n  2k 

Cfjkl  =  1/(2tc2)  J  J  Cijki  (a,  Y)  dady, 

0  0 

where  (p  is  the  angle  of  rotation  of  the  crystallite 
relative  to  its  axis;  a  and  y  are  the  angles  of  the 
grain  rotation. 

In  order  to  determine  the  scattered  fields,  let 
us  use  the  volume  integral  equation  of  Lipman- 
Schwinger  type.  Let  us  calculate  the  scattered 
fields  U  sj  in  Born's  approximation  (first  approxi¬ 
mation  of  Lipman-Schwinger  equation)  using 
Green's  function  Gy  (r  r  "): 

u  J-  (r  ",  U  ?)  =  f  Gy  (r'~r  ")  ft  (r  ",  U  ?)  dr  ", 

V 

where  fi  (r  ",  U  /)  is  the  function  dependent  on 
the  incident  wave  amplitude  and  describing  the 
influence  of  inhomogeneities;  r  "  is  the  radius-vec¬ 
tor  of  the  source;  s  index  denotes  the  scattered 
field. 

Solving  the  problem  [2]  yielded  analytical  ex¬ 
pressions  for  the  coefficients  of  scattering  for  the 
coarse-crystalline  structure  which  is  the  trans- 
versely-isotropic  medium  at  the  frequencies  used 
in  UT,  as  well  as  for  the  coarse-grained  strucrure 
which  is  the  isotropic  medium.  The  coefficients  of 
scattering  in  the  HAZ  have  an  especially  simple 
form  characteristic  of  Raleigh  scattering  (5  ~ 
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~  c?  f4).  The  weld  metal  unlike  the  metal  of  the 
HAZ,  is  not  an  equiaxial  medium.  The  scatterer 
length  exceeds  the  US  wave  length.  Scattering  in 
this  region  does  not  obey  the  laws  characteristic  of 
the  equiaxial  polycrystalline  media.  Calculation 
has  shown  that  in  the  range  of  frequencies  for  which 
the  ratio  of  wave  length  to  the  transverse  size  of 
the  crystallite  exceeds  n,  the  coefficient  of  scatter¬ 
ing  in  the  weld  metal  approximately  follows  the 
8  ~  a2f  3  law  (Figure  4)  and  depends  on  the  direc¬ 
tion  of  the  wave  incidence  and  its  polarisation  (Fi¬ 
gure  5).  For  all  types  of  the  waves,  the  coefficients 
of  scattering  become  zero  in  the  cases,  when  the 
direction  of  wave  propagation  or  (and)  its  polari¬ 
sation  are  parallel  to  the  crystallite  longer  axis. 
For  the  longitudinal  and  the  horizontally-polarised 
transverse  wave,  the  coefficients  of  scattering  are 
maximal,  if  the  wave  propagates  normal  to  the 
crystallite  long  axis.  The  maximum  of  scattering 
of  vertically-polarised  transverse  wave  was  regis¬ 
tered  at  the  angle  of  incidence  on  the  crystallites 
0  -  45°. 

Transparency  of  the  fusion  boundary.  In  UT  of 
welded  joints  the  problem  of  passage  through  the 
fusion  boundary  is  of  considerable  importance  as 
the  establishment  of  the  directions  and  determina¬ 
tion  of  the  intensities  of  the  waves  transformed  at 
the  boundary  are  necessary  for  a  correct  interpre¬ 
tation  of  the  testing  results.  Considering  that  the 
boundary  media  differ  not  only  in  the  wave  veloci¬ 
ties,  but  also  in  their  crystalline  structure,  we  have 
calculated  the  coefficients  of  transparency  of  the 
boundary  of  an  isotropic  (HAZ)  and  transversely- 
isotropic  (weld  metal)  media  (Figure  6).  For  the 
coefficient  of  transparency  D #  ((3inc)  of  SH  type 
wave,  the  following  analytical  expression  was  de¬ 
rived 

DH  (Pine)  =  2^0  COS  Pinc/[1  +  V  (0Cref)  COS  a], 

where  ao  is  the  transverse  wave  velocity  in  the 
HAZ;  v  (aref)  is  the  velocity  of  the  horizontally- 
polarised  wave  in  the  weld  metal;  Pinc  is  the  angle 
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Figure  6.  Coefficients  of  transparency  by  the  energy  of  an 
austenitic  weld  fusion  boundary 

of  wave  incidence  on  the  boundary;  aref  is  the  angle 
of  refraction  into  the  weld.  The  coefficients  of 
transparency  of  the  fusion  boundary  were  numeri¬ 
cally  calculated  at  the  passage  of  longitudinal  and 
vertically-polarised  waves. 

When  the  coefficients  of  transparency  of  the 
fusion  boundary  were  calculated,  the  dependencies 
of  the  change  of  the  elastic  wave  velocities  on  the 
direction  of  their  propagation  were  investigated. 
The  weld  material  presented  in  the  form  of  a  totality 
of  disoriented  crystallites,  is  characterised  by  the 
elastic  constants  of  the  hexagonal  system.  Solving 
the  ChristoffeTs  formula  for  the  waves  propagating 
in  the  plane  which  passes  through  the  sixth  order 
axis  of  crystals  of  the  hexagonal  system,  yields  the 
values  of  velocities  of  three  waves  [3].  However, 
the  equations  for  calculation  of  the  velocities  of 
the  quasi-longitudinal  and  quasi-transverse  waves 
for  engineering  applications,  are  rather  complex. 
Use  of  a  coordinate  system  referenced  to  the  wave 
vector,  permitted  derivation  of  simple  enough  ex¬ 
pressions  for  determination  of  the  velocities  of  the. 
longitudinal  vr  (cqnc)  and  vertically-polarised 
transverse  vv  (0Cinc)  waves  in  the  transversely-iso- 
tropic  medium 


vr  (otinc)  =  V  Cn  -  0.25  A  [sin4  a  +  2sin2  (2a)] 

_ 1_ 

WP 


(1) 


vv  (ainc)  =  V  C44  -  0.44  A  sin2  (2a) 


(2) 


aTp 


where  ainc  is  the  angle  of  incidence  on  the  crystal¬ 
lites;  Cn,  C12,  C44  are  the  elastic  constants  of  the 
cubic  system  crystal;  A  =  C\\  +  C12  ~  2C44;  p  is 
the  density. 

The  velocities  of  the  waves  calculated  by  equa¬ 
tions  (1),  (2)  are  given  in  Figure  7.  Graphs  (solid 
curves)  calculated  when  solving  ChristoffeTs  for¬ 
mula  are  given  for  comparison. 

Deviation  of  the  direction  of  the  beam  propa¬ 
gation  from  the  wave  normal  and  beam  distortion. 
In  anisotropic  materials  the  direction  of  energy 
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vr ,  m/s 


vv,  m/s 


Figure  7 .  Dependencies  of  the  velocities  of  the  longitudinal 
SH  ( a )  and  transverse  SV  (6)  waves  on  the  angle  of  incidence 
on  the  crystallites  (hexagonal  system):  solid,  dashed  curve  — 
values  calculated  by  equations  (1),  (2),  respectively 


propagation  does  not  coincide  with  the  direction 
of  the  US  wave.  This  leads  to  deviation  of  the  US 
beam  from  the  wave  normal.  The  maximal  ampli¬ 
tudes  of  particle  displacement  in  the  wave  which 
are  the  ones  detected  by  the  transducers,  are  ob¬ 
served  in  the  direction  of  the  Umov  vector. 

Proceeding  from  analysis  of  the  directions  of 
the  wave  energy  transfer  [3],  we  derived  the  rela¬ 
tionships  which  correlate  the  beam  deviation  with 
the  elastic  constants  of  the  single-crystal  and  the 
direction  of  the  wave  vector: 

arctg  [A  sin  26  (cos2  0  -  0.75  sin2  6)] 

2C\\  -  A  (cos4  0  +  2  sin2  0)/2 

arctg  [A  sin  20  (sin2  0  -  0.75  cos2  0)] 

Av  (0)  =  \ - 2T - 

!  (2C44  +  7 A  sin  20)/8 

Ah  (0)  =  arctg  {. A  sin  20/(8  C44  +  2  A  sin2  0)}, 

where  0  is  the  angle  between  the  wave  vector  and 
the  crystallite  axis;  r,  v,  and  h  indices  pertain  to 
the  longitudinal,  vertically-  and  horizontally-po¬ 
larised  transverse  waves,  respectively. 

Calculation  of  angles  Ac  is  given  in  Figure  8. 
We  see  that  the  greatest  deviation  of  the  wave 
vector  from  the  direction  of  energy  transfer  (up  to 
33°)  is  found  in  the  vertically-polarised  transverse 
wave  at  the  angles  of  incidence  on  the  crystallites 
of  30  and  60°.  The  maximal  deviation  of  the  Ion- 


A  r(9)  = 


Ac,  deg 


Figure  8.  Deviation  A,,  of  the  acoustic  axis  from  the  wave 
normal  in  the  metal  of  an  austenitic  weld,  depending  on  the 
direction  of  incidence  on  the  crystallite 
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S,  mm 


Figure  9.  Model  of  deviation  and  distortion  of  a  US  beam  of 
the  transverse  wave  in  the  weld;  S  is  the  metal  thickness 

gitudinal  wave  is  10°,  that  of  the  horizontally-po¬ 
larised  wave  12°. 

Beam  deviation  from  the  wave  normal  leads  to 
the  sound  beam  distortion.  As  a  result,  focusing 
and  defocusing  of  the  sound  beam  can  be  observed 
when  passing  through  the  weld.  This  is  the  most 
pronounced  in  passage  of  a  transverse  wave  with 
vertical  polarisation  (Figure  9). 

Noise  generation.  Scattering  of  US  waves  in 
an  austenitic  welded  joint,  in  addition  to  attenu¬ 
ation  of  the  intensity  of  the  valid  signal,  leads  to 
generation  of  structural  noise,  which  hinders  the 
UT  performance.  At  the  ratio  of  valid  signal  and 
noise  intensities  below  1.5  to  2.0,  defect  detection 
is  extremely  difficult.  This  results  in  lowering  of 
the  control  validity.  From  the  equations  of  scat¬ 
tered  fields,  we  obtain  the  dependence  of  the  in¬ 
tensity  of  structural  noise  In  on  polar  angle  y  be¬ 
tween  the  direction  of  US  wave  emission  and  the 
direction  of  observation 

Ai(Y)/Ai  =C0S  y  w 

The  dependence  was  derived  for  the  problems 
of  UT  of  welds  when  the  emitting  and  the  receiving 
transducers  are  located  from  the  same  side  of  the 
item  in  one  point  (combined  schematic)  or  are  in 
points  close  to  each  other  (transmitter-receiver 
schematic).  The  angles  of  introduction  of  the  emit¬ 
ter  and  the  receiver  are  the  same.  The  expression 


S,  mm 


Figure  10.  Model  of  distortion  of  the  front  of  a  transverse  US 
wave  in  an  electrosalg  welded  joint 

is  valid  for  any  type  of  plane  elastic  waves.  Analysis 
of  equation  (3)  shows  that  the  intensity  of  struc¬ 
tural  noise  is  maximal  at  y  =  0  (back  scattering) 
and  at  y  =  180°.  At  the  angles  of  observation  of  70 
to  110°  with  the  emission  direction,  the  minimum 
of  structural  noise  intensity  was  registered 
</n<Y)/iS“  value  does  not  exceed  0.1). 

The  above  dependencies  were  used  in  prepara¬ 
tion  of  a  program  of  computation  of  an  acousto¬ 
solidification  model.  The  grain  size,  inclination  of 
the  fusion  boundary,  size  and  inclination  of  the 
crystallites  are  determined  with  the  US  beam  pas¬ 
sage,  and  the  coefficients  of  transparency  of  the 
fusion  boundary,  coefficients  of  scattering,  devia¬ 
tion  and  distortion  of  the  US  beam  are  calculated. 
The  developed  model  can  be  used  for  calculation 
of  the  change  in  the  front  of  US  waves  in  their 
passage  through  coarse-grained  structures  (Fi¬ 
gure  10),  this  permitting  selection  of  the  optimal 
UT  parameters  and  correct  interpretation  of  the 
results. 
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ABSTRACT 

The  urgency  of  the  considered  problem  for  nuclear  and  thermal  power  generation  industry,  is  noted.  It  is  shown 
that  the  codes  now  in  force  permit  the  pipeline  wall  thinning  by  15  %  of  the  design  thickness,  which,  in  a  number 
of  cases  leads  to  a  significant  lowering  of  the  structure  reliability  and  can  cause  fracture.  Introduction  of  a 
restriction  not  only  on  the  wall  thinning  values,  but  also  on  the  main  dimensions  of  the  thinning  zone,  is 
substantiated. 


Key  words:  nuclear  and  thermal  power  stations,  pipe¬ 
lines,  erosion-corrosion  damage,  strength,  residual  life,  re¬ 
sidual  wall  thickness,  length  of  thinning  zone,  thinning 
depth. 

One  of  the  main  causes  for  premature  wear  under 
the  conditions  of  high  values  of  pressure,  tempera¬ 
ture  and  speed,  is  the  joint  action  of  mechanical 
(erosion)  and  electrochemical  (corrosion)  processes 
[1 ,  2].  Especially  urgent  is  the  problem  of  erosion- 
corrosion  wear  (ECW)  of  pipelines  of  the  thermal 
and  nuclear  power  stations. 

As  a  rule,  damage  due  to  ECW  is  of  a  local 
nature.  It  reduces  the  pipeline  reliability,  and  this 
leads  to  the  need  to  perform  expensive  repair-res¬ 
toration  work  in  individual  sections.  The  currently 
existent  in  CIS  codes  and  provisions  which  specify 
the  conditions  for  regarding  the  pipeline  sections 
affected  by  ECW  as  unfit  for  service,  do  not  provide 
an  objective  estimate  of  their  performance.  In  par¬ 
ticular,  the  anti-accident  [3]  and  operational  [4] 
provisions,  specify  the  only  criterion  of  admissibi¬ 
lity  of  further  service,  namely  the  pipeline  wall 
thickness  in  ECW  zone,  determined  during  the 
regular  inspection,  which  is  limited  by  0.85  tm[n 
value  (tm\n  is  the  calculated  pipeline  wall  thick¬ 
ness).  Without  denying  the  importance  of  this  pa¬ 
rameter  influence  on  the  pipeline  strength,  we  be¬ 
lieve  it  is  absolutely  unjustified  to  ignore  the  other 
parameters  and,  primarily,  the  extent  of  the  ECW 
zone  in  the  axial  and  circular  directions.  Taking 
into  account  just  the  wall  thickness  does  not  elimi¬ 
nate  the  fact  that  in  some  cases  the  section  of  pipe¬ 
line  with  ECW  will  not  have  the  necessary  strength 
margin  (which  is  confirmed  by  the  damage  occur¬ 
ring  during  service) ,  and  in  other  cases  this  strength 
margin  will  be  sufficient  for  extension  of  the  ope¬ 
rational  period  between  repairs. 

©  E.F.  GARF  and  M.A.  NETREBSKY,  2000 


If  the  extent  of  the  defect  is  considerable,  its 
influence  on  the  pipeline  strength  cannot  be  re¬ 
garded  as  a  local  influence.  In  this  case,  the  strength 
of  the  section  of  pipeline  with  ECW  is  determined 
by  the  minimal  value  of  the  wall  thickness  and 
with  the  current  requirements,  it  will  be  equal  to 
0.85  of  the  design  value. 

Not  the  least  of  the  factors  influencing  the  ope¬ 
rational  reliability  of  the  pipeline,  is  the  fact  that 
the  current  standard  procedure  does  not  take  into 
account  the  prehistory  of  formation  of  the  defect 
caused  by  ECW.  Probably,  the  situations  when  the 
wall  thickness  has  reached  a  limit  value  during  one 
operational  period  between  inspections,  and  those 
when  reaching  the  limit  value  was  preceded  by  a 
long  period  of  service,  should  not  be  treated  as 
identical.  As  the  safety  of  pipelines  with  ECW 
should  be  guaranteed  till  the  next  scheduled  in¬ 
spection,  it  is  easy  to  see  that  in  the  most  unfa¬ 
vourable  case  the  thickness  of  the  wall  with  ECW 
will  be  reduced  to  0.7  tm in,  and  taking  into  account 
the  non-linear  dependence  of  the  pipe  wall  thinning 
on  time  and  the  probable  initial  pipe  wall  thickness 
t  >  tm in,  it  can  reach  even  smaller  values. 

Therefore,  there  is  no  doubt  that  with  an  unfa¬ 
vourable  concurrence  of  circumstances,  occurrence 
of  an  emergency  situation  is  inevitable,  and  this  is 
related  to  the  need  for  reactor  shut-down  before 
time  and  great  financial  losses.  Note,  that  in  this 
case  the  current  safety  requirements  will  not  be 
formally  violated. 

This  paper  gives  the  results  of  investigations 
which  allow  assessment  of  the  influence  of  the  in¬ 
dividual  factors  on  the  strength  and  residual  life 
of  pipelines  with  ECW,  and  describes  the  procedure 
of  design  evaluation  of  the  strength  and  residual 
life  of  such  pipelines  based  on  information  about 
their  operation  and  results  of  subsequent  inspec¬ 
tions. 
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Figure  1.  Diagram  of  ECW  of  a  pipeline  section:  tnom  —  nominal 
wall  thickness;  t  —  current  wall  thickness;  L  —  current  length 
of  ECW;  Ld  —  ECW  length  relative  to  design  thickness  of  the 
pipe  wall;  Lm  —  ECW  width;  R*m  —  average  radius  relative  to 
calculated  wall  thickness 

The  following  approaches  were  incorporated 
into  the  developed  procedure  of  evaluation  of  the 
strength  and  residual  life  of  pipelines  with  ECW: 

strength  of  the  pipeline  with  ECW  over  the 
entire  period  of  its  service  up  to  taking  the  decision 
on  repair,  should  not  be  below  the  design  strength; 

strength  of  pipeline  with  ECW  should  not  only 
be  estimated  at  the  moment  of  a  regular  inspection, 
but  should  be  also  forecast  for  the  period  up  to  the 
subsequent  scheduled  inspection; 

prehistory  of  development  of  each  concrete  da¬ 
mage  caused  by  ECW  should  be  taken  into  account 
in  design,  i.e.  duration  of  service  of  the  section  of 
pipeline  with  ECW  and  kinetics  of  defect  deve¬ 
lopment; 

possible  simplifications  used  in  development  of 
the  procedure,  should  yield  a  conservative  result. 

The  above  approaches  are  implemented  using  a 
hypothesis  according  to  which  the  influence  of  a 
defect  caused  by  ECW  on  pipeline  strength,  will 
be  similar  to  the  influence  of  an  individual  through¬ 
thickness  circular  hole,  at  least,  in  the  area  of  its 
diameter,  not  exceeding  a  critical  value  of  do.  The 
influence  of  an  individual  through-thickness  hole 
is  well  studied,  confirmed  by  numerous  experimen¬ 
tal  studies,  and,  what  is  especially  important,  is 
incorporated  into  the  codes  [5-7].  The  critical 
dimensions  of  the  defects  correspond  to  the  diame¬ 
ter  of  the  through-thickness  hole  not  lowering  the 
load-carrying  capacity  of  the  cylindrical  shell  and 
are  defined  by  the  following  expression: 

dQ  =  0.25^l2Rmtmin,  (1) 

where  Rm  is  the  average  radius  of  the  shell. 

Reduction  of  the  defect  caused  by  ECW  to  an 
individual  through-thickness  hole  is  rational  to  be 
performed  through  its  area  determined  in  the  sec¬ 
tion  along  the  pipeline  axis,  as  the  pipeline  load¬ 
carrying  capacity  is  determined  by  circumferential 
stresses. 


Figure  2.  Limit  admissible  dimensions  of  ECW  in  the  pipeline, 
not  lowering  its  load-carrying  capacity:  /  —  theoretical;  2  — 
practical 


Analysis  of  erosion-corrosion  damage  in  pipe¬ 
lines  in  service  shows  that  its  shape  and  dimensions 
can  be  the  most  diverse,  however,  no  defects  caused 
by  ECW  which  can  be  regarded  as  crack-like  are 
found. 

The  area  of  weakening  due  to  ECW  is  deter¬ 
mined  by  the  results  of  a  regular  inspection  of  the 
technical  condition  of  the  pipeline  elements.  For 
simplification  of  the  inspection  procedure,  with 
preference  for  deliberately  conservative  results,  it 
is  rational  to  take  this  area  to  be  the  area  of  a 
rectangle  (Figure  1): 

R  u  —  L{  (^min  ~  ^i) >  (2) 

where  Li  is  the  total  length  of  ECW  in  the  direction 
of  the  pipeline  axis;  t{  is  the  minimal  thickness  of 
the  pipe  wall  in  the  ECW  zone  determined  during 
a  regular  inspection  by  the  results  of  thickness 
measurement.  On  the  other  hand,  it  is  also  possible 
to  more  accurately  determine  the  defect  area  and 
use  the  derived  values  in  calculation. 

Proceeding  from  the  above,  while  allowing  for 
the  assumptions  made,  the  admissible  dimensions 
of  ECW  which  do  not  lower  the  load-carrying  ca¬ 
pacity  of  the  pipeline,  are  given  by  the  following 
dependencies  (1)  and  (2): 

Li  (^min  )  —  0-25  tmjn  V  2Rm  £min .  (3) 

Figure  2  gives  dependence  (3)  in  dimensionless 
co-ordinates,  according  to  which  in  the  case  of  a 
through-thickness  defect  (£,*  =  0)  its  length  is  de¬ 
termined  by  diameter  do,  while  at  t{  £min,  the 
defect  length  tends  to  infinity.  In  practical  work 
the  presence  of  a  through-thickness  defect  is  not 
allowed,  and  with  the  increase  of  its  length  the 
mechanism  of  pipeline  fracture  changes.  Therefore, 
certain  limitations  should  be  introduced.  It  is  ra¬ 
tional  to  eliminate  the  possibility  of  appearance  of 
a  through-thickness  defect  caused  by  ECW  by  li¬ 
miting  the  minimal  admissible  thickness  of  the  pipe 
wall  in  the  ECW  zone  by  0.3  tm\n  value,  this  being 
in  compliance  with  the  US  codes  [8]. 

With  a  rather  long  defect,  the  pipe  strength 
will  be  determined  by  the  remaining  material  thick- 

9-1 0/2000 


14 


WELDED  STRUCTURES 


Results  of  testing  fragments  of  pipe  with  defects  simulating  erosion-corrosion  wear 


Sample 

No. 

*"*0 - 

Average  radius, 
Rm,  mm 

Design  wall 
thickness,  fmin , 
mm 

ECW  depth,  At, 
mm 

ECW  length,  L, 
mm 

ECW  width, 

Lm,  mm 

ot ,  MPa 

Experimental 
breaking 
pressure,  Pe, 
MPa 

1 

157.24 

4.650 

1.000 

58.5 

90.0 

500.70 

14.6 

2 

156.44 

5.470 

1.970 

58.5 

42.0 

509.10 

15.3 

3 

157.82 

7.200 

1.625 

67.5 

70.0 

503.60 

22.5 

4 

158.04 

6.850 

1.450 

66.7 

72.0 

506.70 

21.0 

5 

77.91 

3.180 

0.205 

74.3 

50.0 

582.50 

25.7 

6 

69.50 

6.875 

1.245 

60.0 

39.0 

481.46 

46.0 

7 

69.50 

6.9000 

0.497 

110.0 

26.0 

481.46 

47.8 

8 

69.49 

6.820 

0.565 

127.5 

27.6 

481.46 

47.4 

9 

69.49 

6.895 

0.435 

150.0 

24.5 

481 .46 

47.4 

10 

158.41 

8.180 

1.420 

100.6 

60.0 

490.70 

25.2 

11 

158.40 

8.200 

0.690 

160.0 

60.0 

490.70 

25.5 

12 

158.40 

8.200 

1.100 

214.0 

60.0 

490.70 

24.4 

(cont.) 


Sample 

No. 

L 

tnin  ^ 

,  LAt 

dc~T~~’ 

mm 

dc,  mm 

Coefficient  of 
weakening 

Pd>  MPa 

Pe/Pd 

dR  t  - 

min 

^min 

1 

2.160 

3.330 

0.785 

12.58 

9.560 

0.962 

14.15 

1.030 

2 

2.000 

1.436 

0.640 

21.06 

10.340 

0.885 

15.75 

0.971 

3 

2.000 

2.076 

0.774 

15.24 

11.920 

0.966 

22.19 

1.014 

4 

2.027 

2.190 

0.788 

14.12 

11.630 

0.974 

21.39 

0.982 

5 

4.720 

3.180 

0.936 

4.79 

5.560 

1.000 

25.39 

1.012 

6 

2.745 

1.800 

0.819 

10.86 

7.728 

0.952 

45.37 

1.014 

7 

5.020 

1.190 

0.928 

7.93 

7.742 

0.997 

47.66 

1.003 

8 

5.860 

1.270 

0.917 

10.56 

7.697 

0.995 

45.12 

1.050 

9 

6.850 

1.120 

0.937 

9.46 

7.739 

0.973 

46.48 

1.020 

10 

2.790 

1.670 

0.826 

17.46 

12.730 

0.956 

24.22 

1.040 

11 

4.440 

1.660 

0.916 

13.46 

12.740 

0.993 

25.22 

1.010 

12 

5.940 

1.660 

0.866 

28.71 

12.740 

0.865 

21.97 

1.110 

ness  in  the  thinning  zone.  The  limit  admissible 
length  of  ECW  at  which  it  can  be  regarded  as  a 
local  defect  and  no  lowering  of  the  load-carrying 
capacity  of  the  pipeline  will  be  registered,  should 
be  substantiated  by  experimental  studies.  Accord¬ 
ing  to  [8],  the  length  of  the  thinning  zone  should 
not  exceed  8^Rmtmm  ■  Then,  the  area  located  above 
the  dependence  represented  by  a  solid  line  in  Fi¬ 
gure  2,  determines  the  ratio  of  dimensions  (length 
and  depth)  of  the  damage  due  to  ECW  at  which 
safe  service  of  the  pipeline  is  guaranteed. 

According  to  this  dependence,  at  the  length  of 
ECW  zone  0  <U<  0.5^1  Rmtmm  U  =  0.3  tmm  and 
0.5-J Rmtmia  <  Li<  4 VjRmtmin,  the  minimal  wall 
thickness  in  the  damage  zone  is  given  by  expression 
(3),  while  at  4rjRmtmin  <  L,<  ,  the  mini¬ 

mal  wall  thickness  in  ECW  zone  changes  by  a  linear 
law  from  0.911min  to  ^min* 

In  order  to  ensure  reliable  operation  of  pipeline 
systems  with  ECW  zones,  it  is  necessary  to  take  a 
decision  on  the  pipeline  operability  by  the  results 


of  the  last  inspection  (at  least,  for  the  period  till 
the  next  planned  shut  down  of  the  technological 
system  when  the  next  inspection  can  be  conducted) . 
Therefore,  it  is  necessary  to  guarantee  that  the  limit 
condition  of  the  pipeline  elements  with  ECW  will 
not  set  in  before  the  next  planned  shut  down  of 
the  system.  This  requires  making  a  forecast  of  the 
condition  of  the  ECW  zone  by  the  results  of  pre¬ 
vious  inspections.  It  can  be  performed  by  extrapo¬ 
lation.  The  task  is  made  somewhat  more  difficult 
by  a  lack  of  information  on  the  kinetics  of  deve¬ 
lopment  of  ECW-related  damage  in  time.  It  is 
known  that  the  corrosion  processes  are  slowed 
down  with  time  because  of  formation  of  oxide  films 
which  impede  oxygen  penetration  to  the  metal  sur¬ 
face  [9].  Erosion-corrosion  processes  have  a  some¬ 
what  different  mechanism  connected  primarily 
with  the  continuous  breaking  up  of  oxide  films. 
Therefore,  one  should  not  expect  slowing  down  of 
the  process  of  defect  propagation.  Apparently,  the 
process  of  ECW  development  proceeds  more  or  less 
uniformly  in  time. 
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Figure  3.  Samples  of  pipes  with  ECW  for  testing  by  internal 
pressure:  a  —  rectilinear  pipes;  b  —  pipeline  bend 

The  regularities  of  the  process  of  damage  deve¬ 
lopment  can  only  be  derived  as  the  inspection  re¬ 
sults  are  accumulated  on  each  specific  defect  and 
a  data  bank  is  formed.  At  this  stage  (considering 
a  lack  of  information  on  the  kinetics  of  development 
of  damage  related  to  ECW),  it  is,  probably,  justi¬ 
fied  to  introduce  a  certain  correction  factor  K  which 
would  compensate  the  possible  error.  It  is  rational 
to  assume  a  differentiated  K  value  dependent  on 
the  number  of  inspections  of  each  concrete  defect 
over  the  period  of  pipeline  service  according  to  the 
following  expression: 

K=(i+  1.4)/(t  +  1), 


N 


- 1 _ i _ i _ 

-3s  0  +3  s 

Figure  4.  Distribution  of  the  values  of  the  ratio  of  experimental 
and  design  breaking  pressure  in  the  pipes  with  ECW  (AT  — 
probability;  s  —  standard  deviation) 

sample  strength,  is  given  for  each  sample  for  com¬ 
parison  purposes.  The  design  strength  of  the  sam¬ 
ples  was  determined  from  expressions  known  from 
[6,  7]: 


where  i  is  the  number  of  inspections  of  this  defect 
due  to  ECW  over  the  period  of  pipeline  service. 

Practical  use  of  the  above  approach  to  evalu¬ 
ation  of  the  strength  of  critical  pipeline  systems 
with  ECW  requires  comprehensive  experimental 
verification  of  its  individual  statements  and  the 
correctness  of  the  accepted  hypothesis.  The  series 
of  experimental  studies  performed  at  the  E.O.  Pa- 
ton  Electric  Welding  Institute  had  the  following 
goals: 

verification  of  the  hypothesis  of  adequacy  of 
the  influence  on  pipeline  strength  of  the  defect 
caused  by  ECW  and  of  the  through-thickness  cir¬ 
cular  hole; 

determination  of  the  influence  of  the  width  of 
the  defect  caused  by  ECW  on  strength; 

determination  of  limit  length  of  ECW  at  which 
it  can  be  regarded  as  local  damage. 

The  laboratory  of  testing  of  welded  joints  cer¬ 
tified  by  Gosstandard  of  Ukraine  in  the  Ukr- 
SEPRO  system,  performed  pressure  testing  of  pipe 
samples,  the  results  of  which  are  given  in  the  Table. 

Sample  No.  5  is  a  section  of  a  pipeline  bend  cut 
out  of  the  pipeline  after  20  years  of  service.  The 
other  samples  were  made  of  rectilinear  pipes  with 
defects  simulating  ECW  made  in  the  middle  part 
of  the  sample  on  the  internal  surface  (Figure  3). 
The  diameter  of  a  circular  hole  dc,  equal  over  the 
area  of  the  section  along  the  pipe  axis,  was  deter¬ 
mined  proceeding  from  the  defect  dimensions.  The 
limit  diameter  of  a  circular  hole  not  lowering  the 
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t->  „  at  Glin 

Pd  =  <P  ~~B - > 

where  <p  =  2/(dc^l2Rmtmin  +  1.75). 

The  last  column  of  the  Table  gives  the  ratio  of 
breaking  pressure  at  testing  and  breaking  pressure 
derived  from  calculations.  The  ratios  of  these  values 
are  close  to  the  normal  law  of  distribution  with 
the  sample  mean  equal  to  1.013  and  standard  de¬ 
viation  of  0.023  (Figure  4). 

The  results  of  experimental  investigations  pro¬ 
vide  convincing  evidence  of  the  validity  of  the  pro¬ 
posed  hypothesis  not  only  in  the  region  of  dc  <  do 
values,  but  also  in  the  case  when  the  diameter  of 
an  adequate  circular  hole  leads  to  decrease  of  the 
pipe  strength. 

The  samples  for  experimental  investigations,  as 
can  be  seen  from  the  Table,  had  different  width  of 
ECW  zone.  Lm/^Rmtm in  ratio  changed  in  the 
range  of  1.12  to  3.33.  The  dependence  given  in 
Figure  5  shows  that  the  width  of  ECW  zone  does 
not  influence  the  ratios  of  experimental  and  design 
breaking  pressures.  Considering  that  the  width  of 
ECW  zone  was  ignored  at  the  design  breaking  pres¬ 
sure,  if  it  had  an  influence  on  strength,  it  would 
have  been  visible  in  the  Figure. 

The  presented  results  give  grounds  to  state  that 
in  evaluation  of  the  strength  of  pipel  ines  with  ECW 
in  the  case  of  pressure  loading,  the  width  of  the 
damage  zone  can  be  ignored.  Note,  however,  that 
the  US  codes  take  into  account  the  influence  of  the 
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Figure  5.  Influence  of  ECW  zone  width  on  pipe  strength 

width  of  ECW  zone  [8].  If  it  is  smaller  than 
^Rmt miiT>  curve  1  is  recommended  (Figure  6).  With 
defect  width  >  2.65^Rmtm[n ,  admissible  values  of 
t /  tm\n  are  given  by  curve  2.  The  dependence  as¬ 
sumed  in  this  study  which  determines  the  dimen¬ 
sions  of  ECW  at  which  the  design  strength  of  the 
pipeline  is  ensured  (Figure  2),  is  close  to  curve  2 
(Figure  6).  However,  lowering  of  limit  values  of 
ECW  length  and  depth  with  its  width  reduction 
from  2.65V/4ifmin  to  ^Rmtm in ,  is,  probably,  unjus- 
tified. 

The  data  of  experimental  investigations  permit 
assessment  of  the  degree  of  their  correlation  with 
the  assumed  dependence  of  limit  admissible  dimen¬ 
sions  of  ECW  not  leading  to  a  decrease  of  the 
pipeline  strength.  With  this  purpose,  only  those  of 
the  results  presented  in  the  Table  are  considered, 
in  which  the  influence  of  the  coefficient  is  minor 
or  equal  to  1.  From  the  comparison  given  in  Fi¬ 
gure  7  one  can  see  that  the  testing  results  quite 
satisfactorily  correlate  with  the  proposed  depen¬ 
dence  of  limit  admissible  dimensions  of  ECW, 
whereas  the  assumption  of  the  limit  length  at  which 
the  defect  can  be  considered  as  a  local  one,  equal 
to  is  quite  justified. 

Proceeding  from  the  above,  the  procedure  of 
taking  a  decision  on  the  possibility  of  further  ope¬ 
ration  of  the  pipeline  with  ECW,  consists  of  the 
following  steps. 

The  initial  parameters  of  the  considered  pipeline 
section  are  determined.  Among  them  are  the  pipe 
outer  diameter  D,  nominal  wall  thickness  tnom, 
working  pressure  P  in  the  pipeline,  grade  of  steel 
of  which  the  pipeline  is  made,  and  admissible 
stresses  for  it  [a],  data  of  the  start  of  pipeline 
operation,  design  thickness  of  the  wall  9nin-  The 
latter  can  be  determined  from  calculations. 


f/^min 

0.8 
0.6 
0.4 

0.2  _ _ 

0  1  2  3  4  5  6  7  UMRm  fmin 

Figure  7.  Comparison  of  limit  dimensions  of  ECW  zone  by  the 
results  of  testing  pipes  in  which  no  loss  of  strength  was  found: 
/  —  experiment;  2  —  design 


The  length  of  ECW  zone  in  the  direction  of  the 
axis  of  pipeline  Li ,  minimal  thickness  of  pipe  wall 
t{  in  ECW  zone,  duration  of  the  pipeline  operation 
Ti ,  are  determined  proceeding  from  the  results  of 
the  regular  scheduled  inspection  of  the  pipeline 
section  with  ECW. 

The  period  of  pipeline  operation  till  the  next 
scheduled  inspection  Ti+ \  is  determined. 

The  forecast  thickness  of  the  pipe  wall  in  ECW 
zone  at  the  moment  of  the  scheduled  examination 
is  determined  from  the  following  expression: 


Tm  = 


1  - 


9  Tj+i 


t  T 

^nom  1 


tnom 
K  ' 


Length  La  of  ECW  zone  on  which  the  wall 
thickness  is  below  tm\n  for  the  period  of  scheduled 
inspection,  is  calculated  from  the  following  expres¬ 
sion: 


Ld  =  KLi 


9+1 


Ratios  t{-\- \  / 9nin  ^.nd  Ld/ 9nin  deter¬ 
mined,  where  R*m  =  (D  -  tm\n)/2.  The  point  with 
co-ordinates  9+l/9nin  and  L<\/ ^Rm  9nin  is 
marked  in  Figure  2.  If  this  point  falls  on  the  de¬ 
pendence  which  determines  the  limit  admissible 
ratios  of  the  dimensions  of  ECW  zone,  or  is  above 
it,  further  operation  of  the  pipeline  section  with 
ECW  till  the  next  scheduled  examination,  is  pos¬ 
sible.  Now,  if  it  is  lower  than  the  mentioned  de¬ 
pendence,  pipeline  repair  is  required. 

The  safe  residual  life  of  the  pipeline  section 
with  ECW  dimensions  established  during  a  regular 


(tnin  "^lirnKmin 
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inspection,  is  determined  by  the  following  proce¬ 
dure. 

The  dependence  shown  in  Figure  8  which  is  a 
mirror  reflection  of  the  dependence  given  in  Fi¬ 
gure  2,  as  well  as  the  data  of  the  last  inspection  of 
ECW  zone,  are  used  to  determine  the  limit  admis¬ 
sible  values  of  length  L\[m  and  depth  £min  -  t\im  of 
the  damage.  With  this  aim,  the  point  with  co-or- 
dinates  (tnom  —  ^z')/^nom  L{/ ^Ir mt nom  is 

marked  in  Figure  8.  A  straight  line  is  drawn  through 
the  origin  of  coordinates  and  this  point  up  to  the 
point  of  intersection  with  the  curve  of  limit  admis¬ 
sible  dimensions  of  ECW  and  (£min  “  ^lim)/^lim 
and  Eiim/^m^nom  parameters  are  determined  by 
the  point  of  intersection. 

Dimensions  t{  and  Li  of  ECW  zone  derived  in 
the  last  inspection  and  the  limit  admissible  dimen¬ 
sions  £iim  and  Liim  of  ECW  zone  derived  from  Fi¬ 
gure  8,  as  well  as  the  period  T{  of  operation  of  this 
pipeline  section  before  the  last  inspection,  are  used 
to  determine  the  safe  life  of  the  pipeline  with  ECW 
according  to  the  following  expression: 

j,  _  Atom  ~  Aim  Jj_ 

^nom  —  A  K 

The  safe  residual  life  AT  of  the  pipeline  section 
with  ECW  is  determined  from  the  following  ex¬ 
pression: 

AT  =  T  -  T{. 

The  values  of  residual  service  life  of  the  section 
of  pipeline  with  ECW  can  be  used  for  assigning 
the  schedule  of  subsequent  inspections  and  plan¬ 
ning  the  repair  operations. 

CONCLUSIONS 

1 .  The  currently  accepted  in  power  generation  in¬ 
dustry  procedure  of  processing  from  one  side  the 


pipeline  sections  with  ECW,  does  not  provide  the 
required  level  of  safety  in  their  service,  and  on  the 
other  hand,  in  a  number  of  cases  does  not  permit 
full  use  of  the  actual  residual  life  of  the  pipeline. 

2.  A  procedure  of  evaluation  of  fitness  for  ser¬ 
vice  and  residual  life  of  the  pipelines  with  ECW 
zones  in  individual  sections,  has  been  developed, 
which  is  based  on  the  principle  of  provision  of  the 
design  strength  during  the  entire  period  of  the  sys¬ 
tem  service. 

3.  Limit  admissible  combinations  of  the  depth 
and  length  of  ECW  zone  in  the  direction  of  the 
pipeline  axis  have  been  established,  which  do  not 
lower  its  load-carrying  capacity. 

4.  The  main  postulates  of  the  procedure  have 
been  experimentally  confirmed.  It  is  shown  that 
the  width  of  ECW  zone  does  not  influence  the 
strength  and  residual  life  of  pipelines  with  ECW. 
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ELIMINATION  OF  CRACKS  IN  STEEL  STRUCTURES 
USING  DESIGN-TECHNOLOGICAL  MEASURES 
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ABSTRACT 

Numerous  open  and  closed  cracks  were  detected  in  thick-walled  welded  elements  of  span  structures  of  a  metal¬ 
lurgical  workshop  made  from  increased-strength  steel  plates  11-45  mm  thick.  Cracks  were  registered  also  in 
welds  between  shafts  and  drum  bases  of  a  belt  conveyer.  Explanations  of  formation  of  this  type  of  defects  are 
given.  Design-technological  measures  are  suggested  for  elimination  of  such  cracks. 


Key  words:  welded  structures ,  increased-strength 
steels ,  hot  galvanizing,  quenching  structures ,  thermal 
stresses,  preheating,  groove  preparation. 

Cracks  in  steel  structures  subjected  to  hot  gab 
vanazing.  Frame  span  structures  of  workshops  with 
a  span  40  m  wide  (Figure  1 )  fabricated  from  welded 
double-T  profiles  are  subjected  to  hot  galvanazing 
followed  by  painting  to  ensure  their  long-time  cor¬ 
rosion  protection. 

As  it  is  specified  in  the  hot  galvanazing  instruc¬ 
tions,  when  welded  steel  parts  are  immersed  into 
a  hot  zinc  galvanizing  bath  with  a  temperature  of 
at  least  450  °C,  this  first  induces  temperature 
stresses  in  them  and  then,  after  they  are  heated 
through,  causes  a  decrease  in  strength  of  the  ma¬ 
terial.  At  the  same  time,  this  is  accompanied  by 
relaxation  of  welding  stresses.  However,  prior  to 
relaxation,  these  stresses  may  superimpose  tem¬ 
perature  stresses,  which  will  lead  to  crack  forma¬ 
tion.  Therefore,  a  welded  structure  subjected  to 
hot  galvanazing  should  have  minimum  residual 
welding  stresses  and,  at  the  same  time,  such  a  con¬ 
figuration  which  itself  would  create  minimum  ob¬ 
stacles  to  strains  in.  Immersion  of  the  structure 
and  especially  large-section  elements  into'  the  zinc 


Figure  1.  Assembly  of  the  workshop  structure 


bath  should  be  done  slowly  to  decrease  thermal 
stresses. 

All  large  double-T  beams  (posts  and  collar 
beams)  in  the  form  of  welded  elements  were  pre¬ 
fabricated  under  factory  conditions  and  then  sub¬ 
jected  to  hot  galvanazing.  Webs  and  flanges  of  the 
double-T  profiles  were  joined  to  each  other  by.  lon¬ 
gitudinal  fillet  welds.  Assembly  of  the  span  struc¬ 
tures  was  done  using  bolted  joints,  for  which  cross¬ 
pieces  were  welded  to  ends  of  the  double-T  beams. 

Webs  and  flanges  of  the  double-T  beams  were 
11-35  mm  thick,  the  webs  being  1700  mm  high 
and  flanges  —  up  to  400  mm  wide.  The  cross-pieces 
were  30  -  45  mm  thick.  Joining  of  the  flange  plates 
to  the  webs  and  double-T  profiles  to  cross-pieces 
was  done  by  fillet  welds  with  a  cross  section  of  up 
to  4  -  15  mm.  Normalized-rolling  steels  FE  51 0B 
and  FE  510D1  according  to  standard  BS  EN  10025 
(corresponding  to  steel  S355JR  or  S355J2G3  ac¬ 
cording  to  DIN  EN  10025),  and  steel  Nr  1.0570 
were  used  in  the  majority  of  applications. 

The  webs,  flanges  and  cross-pieces  were  cut  out 
from  steel  plates  by  gas  or  plasma  cutting.  The  zinc 
drain  openings  at  corners  between  the  beam  web 


Figure  2.  Zinc  drain  opening  and  crack  propagating  from  the 
web  plate  to  the  cross-piece  through  the  fillet  weld 
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Figure  3.  Crack  in  the  web  plate  18  mm  thick  between  the  Figure  4.  Open  crack  several  meters  long  in  the  fillet  weld  to 
cross-piece  and  flange  web  plate  transition  zone  between  the  cross-piece  and  web  plate 


and  the  cross-piece  were  partially  drilled  and  par-  show  that  such  cracks  propagate  approximately 
tially  cut  out  by  gas  cutting  (Figure  2).  Welding  parallel  with  the  HAZ  of  the  fillet  weld  and  then 
was  done  by  both  submerged-arc  and  metal-elec-  penetrate  into  the  flange  (Figures  4  and  5).  The 
trode  gas-shielded  (MAG)  methods.  Provisions  opposite  fillet  weld  on  the  other  side  of  the  cross- 
were  made  to  assess  quality  of  all  welds  in  compli-  piece  had  already  a  tear  at  its  root.  A  gray  dense 
ance  with  group  C  of  DIN  EN  25  817.  deposit  was  detected  on  the  fracture  surface.  This 

After  welding  performed  by  the  specified  tech-  deposit  found  also  on  the  surfaces  of  cracks  in  the 
nology  the  parts  were  subjected  to  etching,  de-  web  plates  (Figures  2  and  3)  was  identified  by 
greasing,  washing  and  drying,  as  well  as  hot  gal-  scanning  electron  microscopy  (SEM)  as  zinc  (Fi- 
vanazing  by  immersing  them  into  liquid  zinc  at  a  gure  6).  This  is  probable  only  in  the  case  if  cracks 
temperature  of  440  -  460  °C.  are  present  in  a  material  before  it  is  immersed  into 

Sand  blasting  of  the  galvanized  surfaces  for  the  liquid  zinc  bath  or  are  formed  at  the  moment 
painting  done  in  the  erection  site  and  NDT  con-  of  immersion. 

ducted  after  welding  repair  of  defects  (Figure  2)  In  the  erection  site  the  cracks  in  the  web  plates 
revealed  cracks  of  different  sizes  in  the  beams  (Figures  2  and  3)  were  machined,  repaired  by  weld- 
treated  by  the  hot  galvanazing  method.  Cracks  at  ing  and  checked  by  the  ultrasonic  inspection 
corners  between  the  beam  flange  and  cross-piece,  method.  Ultrasonic  inspection  showed  that  the 
i.e.  within  the  high-rigidity  zone,  can  be  seen  in  cross-pieces  contained  other  defects  as  well,  which 
Figures  2  and  3.  Very  long  cracks  (over  1  m  long)  were  also  identified  as  cracks.  Visual  examination 
were  registered  in  the  connecting  welds  between  failed  to  detect  these  cracks,  as  they  were  filled 
the  cross-pieces  and  web  plates.  Investigations  with  zinc  to  the  entire  depth  (Figure  7).  As  a  rule, 


the  cracks  started  from  an  undercut  of  the  fillet 
weld,  propagated  in  the  HAZ  metal  on  the  flange 
side  and  then  entered  into  the  cross-piece. 

All  the  cracks  were  intercrystalline,  they  initi¬ 
ated  and  propagated  without  any  visible  plastic 
deformations.  Fracture  of  the  material  was  of  a 
brittle  character.  The  embrittlement  mechanism 
was  similar  to  that  taking  place  in  the  case  of  stress 
corrosion  cracking. 

Determination  of  causes  of  cracking.  Accord¬ 
ing  to  the  data  of  a  company  which  fabricates  metal 
structures,  parts  had  no  cracks  after  welding.  To 
establish  causes  of  their  formation  in  the  galvanized 
parts,  investigations  [2]  were  conducted  to  study 
materials,  design  peculiarities  of  welded  compo¬ 
nents,  welding  technology  and  specific  features  of 
the  galvanizing  process. 

It  was  found  that  the  above  defects  could  be 
formed  because  the  parts  had  non-optimized  design 


for  hot  galvanizing,  because  of  high  thermal  stresses 
induced  in  them  and  embrittlement  of  metal  caused 
by  zinc  penetrating  into  steel.  This  article  presents 
only  the  most  important  results  of  those  investiga¬ 
tions. 

According  to  drawings,  almost  all  of  the  longi¬ 
tudinal  fillet  welds  should  have  height  a  equal  to 
0.55.  Making  fillet  welds  of  such  sizes  leads  to 
increased  stresses  and  strains,  as  compared  with 
fillet  welds  of  minimum  sizes.  In  addition,  actual 
sizes  of  the  welds  on  parts  were  always  in  excess 
of  those  indicated  in  the  drawings. 

Critical  joints  between  the  doublc-T  profiles 
and  cross-pieces  were  made  in  the  form  of  fillet 
welds  with  height  a  equal  to  15-18  mm  (Fi¬ 
gure  8).  Welds  with  a  K-groove  in  the  double-T 
beam  web  provide  a  substantially  decreased  heat 
input,  they  arc  characterized  by  a  shorter  distance 
to  the  weld  axis  (e\  >  ei)  in  the  direction  of  which 
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Figure  8.  Variants  of  arrangement  of  the  welds  near  the  cross¬ 
piece:  /  —  web  plate;  2  —  centre  of  gravity  of  the  deposited 
metal  and  point  of  the  effect  exerted  by  shrinkage  forces;  3  — 
cross-piece;  a  —  height  of  the  fillet  weld;  /,  and  l2  —  distances 
from  the  axis  of  the  double-T  beam  web  to  the  centre  of  gravity 
of  the  weld 

the  longitudinal  shrinkage  forces  act.  But  even  in 
this  case,  at  a  cross-piece  thickness  of  45  mm,  the 
shrinkage  in  the  transverse  direction  is  hampered, 
this  leading  to  extremely  high  values  of  residual 
welding  stresses. 

Cross-pieces  were  welded  to  double-T  beams 
without  slots  at  the  corners.  It  is  at  these  points, 
which  are  the  points  of  crossing  of  the  welds  con¬ 
verging  in  three  different  directions,  that  the  mul- 
tiaxed  stressed  state  is  formed  due  to  a  high  rigidity 
of  the  structure,  which  increases  the  risk  of  brittle 
fracture. 

It  should  be  noted  that  despite  the  requirement 
of  ensuring  a  good  quality  of  gas  cutting  and  of 
the  welds  in  compliance  with  assessment  group  C 
(DIN  EN  25  817),  the  quality  left  much  to  be 
desired. 

In  immersing  cold  thick-walled  steel  parts  into 
liquid  zinc  (Figure  9),  the  non-stationary  tempera¬ 
ture  fields  lead  to  formation  in  them  of  high  thermal 
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stresses.  Superposition  of  these  stresses  on  residual 
welding  stresses  may  create  conditions  for  liquid 
zinc  to  penetrate  into  steel .  Liquid  zinc,  while  pene¬ 
trating  into  steel  along  the  grain  boundaries,  makes 
these  boundaries  weaker,  which  leads  to  brittle 
fracture.  The  following  three  factors  are  required 
for  this  effect  to  show  up: 

•  it  is  necessary  that  liquid  and  solid  metals 
have  low  mutual  solubility,  which  is  the  case  of 
the  zinc-iron  pair; 

•  no  intermetallic  phases  should  be  formed  in 
the  liquid-solid  metal  pair,  which  is  also  the  case 
of  the  zinc~iron  pair; 

•  solid  metal  in  contact  with  liquid  metal  has 
no  possibility  of  being  plastically  deformed,  which 
was  fixed  in  the  region  of  welding  cross-pieces  to 
double-T  beams. 

Sensitivity  of  metal  to  embrittlement  as  a  result 
of  penetration  of  the  liquid  metal  into  the  solid 
one  depends  upon  effective  tensile  stresses  and  de¬ 
gree  of  alloying  of  steel.  Thus,  the  effect  exerted 
by  liquid  zinc  on  steel  containing  0.22  %  silicon  is 
higher  than  on  steel  containing  no  silicon  [13]. 

The  presence  of  numerous  defective  welds  made 
repair  of  welded  span  structures  inexpedient.  All 
the  span  structures  in  the  workshop  had  to  be  re¬ 
placed  by  the  new  ones. 

Measures  for  elimination  of  cracks  in  hot  gal- 
vanazing.  With  a  wall  thickness  of  the  steel  struc¬ 
tures  equal  to  more  than  30  mm,  even  slow  immer¬ 
sion  into  hot  liquid  zinc  leads  to  high  thermal 
stresses  which  cannot  be  compensated  for  by 
strength  of  the  material.  In  this  case  the  presence 
of  obstacles  to  strain  of  the  metal  and  high  residual 
welding  stresses  complicate  elimination  of  cracks. 
Preheating  may  decrease  the  risk  of  their  formation, 
but  it  is  hardly  suitable  for  economical  reasons. 
Therefore,  while  considering  the  problem  of  corro¬ 
sion  protection  of  steel  structures  by  hot  galvaniz¬ 
ing,  one  should  take  into  account  the  following 
aspects: 

•  need  to  develop  a  part  with  a  design  optimal 
for  galvanizing; 

•  rational  selection  of  materials  to  minimize  the 
risk  of  penetration  of  liquid  zinc  along  the  grain 
boundaries; 

•  keeping  to  the  welding  technology; 

•  coordinating  fabrication  of  welded  structures 
with  companies  performing  galvanazing. 

The  following  requirements  should  be  satisfied 
in  hot  galvanizing  of  steel  parts: 

•  difference  in  thickness  of  the  parts  welded, 
^max/ tmin>  should  be  not  in  excess  of  2.5; 

•  it  is  necessary  to  limit  thickness  of  cross  sec¬ 
tions  of  the  plates  and  profiles  (£max  <  20  - 
30  mm),  as  well  as  round  sections  in  combined 
structures  (</max  ^  30  mm); 

•  flanged  edges  of  the  parts  should  have  a  large 
radius; 
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Rigid  structure  with  volumetric 
welds  and  high  residual  stresses 


Temperature  of  the  zinc  bath 
^  (440  -  460  °C)  decreases  strength 


Effect  of  residual  stresses  and 
obstacles  to  strains 

u 


Crack  initiation  (penetration  of  liquid 
^  zinc  depending  upon  residual, 
local  and  thermal  stresses) 


Figure  9.  Flow  diagram  of  the  process  of  galvanizing  and  crack  formation 


PartY 


23 


Jf  WELDED  STRUCTURES 


Figure  12.  Connecting  weld  with  cracks 


•  hollows  should  have  openings  to  let  zinc  flow 
in  and  out; 

•  it  is  necessary  to  make  slots  in  parts  at  the 
points  where  cross-pieces  join  a  double-T  beam; 

•  where  possible,  it  is  necessary  to  avoid  fillet 
welds  of  large  sizes  and  replace  them  by  butt  welds; 

•  it  is  necessary  to  avoid  intermittent  welds  in 
design  of  the  parts; 

•  patches  with  openings  to  remove  air  should 
be  welded  entirely  on  their  perimeter; 

•  it  is  necessary  to  ensure  the  low  level  of  re¬ 
sidual  welding  stresses  by  optimal  arrangement  of 
the  welds  and  keeping  to  the  required  sequence  of 
their  making; 

•  it  is  necessary  to  remove  all  welding  slags 
prior  to  hot  galvanizing; 

•  the  speed  of  immersion  in  galvanizing  should 
be  1  -  8  m/min,  depending  upon  the  thickness  of 
a  cross  section; 

•  galvanizing  of  complicated  parts  should  be 
done  after  preliminary  experiments; 

•  it  is  necessary  to  follow  the  transportation 
and  storage  regulations  specified  for  parts  in  the 
hot  state  (suspension,  supports  along  the  entire 
length,  etc.). 

Shrinkage  cracks  on  drums  of  belt  conveyers. 

It  was  thought  initially  that  cracks  in  circumfer¬ 
ential  connecting  welds  (Figures  10  and  11)  be¬ 
tween  the  steel  S355J2G3  (St. 53-3)  shaft  65  or 
70  mm  in  diameter  and  steel  S235JR  (St. 37)  base 
15  mm  thick  were  caused  by  fatigue  fracture  which 
took  place  within  only  a  few  months  of  operation 
of  the  drums  (Figures  12  and  13).  However,  as 
found  during  further  investigations,  it  is  probable 
that  cracks  were  formed  immediately  after  manu- 


Figure  13.  Circumferential  shrinkage  crack  after  fracture  of  the 
joint 


Figure  14.  Transverse  section  of  the  joint  containing  cracks 
between  the  shaft  ( a )  and  the  base  (6) 


facture  of  the  drums.  The  said  cracks  propagated 
in  the  material  of  the  base  in  parallel  with  the  HAZ 
of  the  welds  (Figure  14).  Structural  elements  did 
not  fracture  only  because  the  welds  had  the  V- 
groove  preparation.  As  the  welds  were  not  sub¬ 
jected  to  NDT,  the  cracks  were  not  detected  during 
the  manufacture.  It  is  likely  that  manufacturers 
did  not  consider  welding  to  be  a  critical  process. 

In  our  opinion  cracking  was  caused  by  formation 
of  quenching  structures  in  the  HAZ  of  the  fillet 
welds,  which  is  proved  by  an  extremely  high  mi¬ 
crohardness  of  this  zone.  CO2  welding  was  con¬ 
ducted  without  preheating.  High  tensile  stresses 
favoured  cracking  and  led  to  complete  separation 
of  the  weld  from  the  base.  The  situation  was  ag¬ 
gravated  by  the  fact  that  groove  preparation  was 
done  with  a  small  angle,  which  caused  defects  in 
the  weld  root  (Figure  14,  a).  In  addition,  parts 
were  machined  for  welding  and  after  assembly  there 
was  no  gap  between  them,  which  prevented  strains 
during  welding  and  increased  the  level  of  residual 
welding  stresses. 

This  assumption  was  confirmed  by  analysis  of 
distribution  of  residual  stresses  in  a  welded  joint 
between  the  shaft  and  the  drum  base  during  cooling 
(Figure  15).  Distribution  of  residual  stresses  was 
investigated  in  cooling  from  500  °C  to  room  tem¬ 
perature.  The  presence  of  the  zones  with  increased 
residual  stresses  was  noted  in  the  HAZ  of  the  welds. 
Cracks  were  initiated  particularly  in  these  zones. 

Cracks  between  the  shaft  and  the  drum  base 
could  have  been  avoided  in  the  case  of  ensuring  the 
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Figure  15.  Residual  stresses  formed  in  the  welded  joint  during  cooling 

satisfactory  quality  of  the  welds  by  meeting  the 
following  conditions: 

•  prior  to  welding  it  is  necessary  to  preheat  the 
parts  and  thus  prevent  formation  of  quenching 
structures; 

•  minimum  groove  angle  for  welding  should  be 
55°; 

•  it  is  necessary  to  ensure  a  free  shrinkage  of 
metal  during  welding  by  fitting  the  shaft  and  the 
drum  base  with  a  gap  between  them; 

•  manual  arc  welding  using  electrodes  which 
provide  a  high-ductility  weld  metal  should  be  used 
instead  of  MAG  welding. 

CONCLUSIONS 

Causes  of  formation  of  cracks  in  welds  in  thick- 
walled  structures  made  from  increased-strength 
steel  plates  11-45  mm  thick  after  hot  galvanizing 
were  determined.  With  a  wall  thickness  of  welded 
steel  structures  equal  to  more  than  30  mm,  even 
their  slow  immersion  into  hot  liquid  zinc  leads  to 
formation  in  them  of  high  thermal  stresses.  It  is 
difficult  to  prevent  cracking  in  the  case  of  the  pres¬ 
ence  of  obstacles  to  strain  of  the  metal  and  high 


residual  welding  stresses.  Cracking  is  favoured  by 
the  effect  of  penetration  of  liquid  zinc  into  steel 
during  the  hot  galvanizing  process.  Recommenda¬ 
tions  were  developed  for  a  rational  design  and  tech¬ 
nology  for  the  fabrication  of  welded  structures  in 
order  to  prevent  cracking  of  weldments  during  hot 
galvanizing. 

Causes  of  cracking  of  the  welds  between  the 
shaft  and  the  drum  base  of  the  belt  conveyers  were 
investigated.  It  was  established  that  cracks  were 
caused  by  the  formation  of  quenching  structures  in 
the  HAZ  of  the  welds.  To  eliminate  cracks,  it  is 
necessary  to  change  the  groove  shape  and  use  pre¬ 
heating  of  parts  prior  to  welding. 
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ABSTRACT 

Problems  of  assurance  of  reliability  of  off-shore  engineering  structures,  which  cover  a  wide  range  of  spheres,  are 
considered.  Optimum  results  are  obtained  at  a  constant  allowance  for  a  real  technology  during  the  process  of 
the  structure  fabrication.  Approaches  are  described  for  the  selection  of  materials,  a  system  of  safety  factors, 
design  of  connections  and  recommendations  for  additional  technological  procedures,  justification  of  requirements 
to  the  quality  of  welded  joints,  improvement  of  methods  of  assessment  of  a  brittle  strength  and  a  cyclic  life. 


Key  words :  stationary  ice-resistant  drilling  rigs ,  deep¬ 
water  apparatuses,  welded  joints,  fatigue  life,  cyclic 
strength,  crack  resistance,  requirements  to  the  quality  of 
welded  joints. 

Reliability  of  the  off-shore  engineering  structures 
and  deep-water  machinery  during  service  is  ensured 
by  an  obligatory  monitoring  of  their  state  at  all 
the  stages  of  a  life  cycle,  starting  from  designing 
and  development  of  the  material  and  finishing  by 
inspection  of  the  working  conditions  of  the  object. 
Here,  the  main  attention  should  be  paid  to  the 
welded  joints  as  the  most  damage-subjected  link 
in  the  composition  of  these  structures.  To  provide 
the  design-technological  strength  of  welded  con¬ 
nections  it  is  necessary  to  solve  a  many-factor  prob¬ 
lem  of  allowance  for  an  effect  of  a  real  technology 
of  fabrication  on  the  future  serviceability  of  the 
structure.  The  technological  aspects  are  compli¬ 
cated  with  a  growth  in  strength  of  the  materials 
used  for  the  structures. 

The  design-technological  strength  is  attained  as 
a  result  of  fulfilment  of  main  tasks  envisaged  at 
each  stage  of  the  structure  creation,  namely  at  the 
stage  of  a  preliminary  (conceptual)  designing  (op¬ 
timizing  of  material  selection  and  system  of  safety 
factors);  at  the  stage  of  a  detail  designing  (selection 
of  design  of  connections  and  welded  joints,  opti¬ 
mizing  the  sequence  of  assembly-welding  opera¬ 
tions,  layout  of  welds),  and  also  the  additional 
technological  procedures.  During  construction  it  is 
necessary  to  control  the  level  of  defects,  techno¬ 
logical  changes  and  scope  of  repair,  while  at  the 
service  stage  it  is  necessary  to  use  a  flaw  detection 
and  diagnostics  of  structure,  expertise  of  fractures 
and  optimization  of  the  technology  of  repair. 

This  complex  of  problems  was  solved  as  a  result 
of  the  development  of  the  following  trends  of  in¬ 
vestigations: 

•  study  of  a  real  stress-strain  state  of  the  welded 
connections; 


•  development  of  physical  and  chemical  models 
of  fracture  and  methods  of  calculation  of  fatigue 
life  at  cyclic  loading; 

•  development  of  methods  of  improving  a  cyclic 
strength  of  welded  joints; 

•  justification  of  criteria  and  standards  of  qua¬ 
lity  of  the  welded  joints; 

•  development  of  methods  and  criteria  of  evalu¬ 
ation  of  a  brittle  strength,  methods  of  certification 
of  materials,  justification  of  requirements  to  the 
toughness  and  crack  resistance  of  parent  and  weld¬ 
ing  materials; 

•  certification  tests  of  materials  and  welded 
joints  at  different  kinds  of  loading. 

Study  of  stress-strain  state  of  welded  joints. 
The  results  of  investigations  in  this  trend  are  the 
basis  for  understanding  the  degree  of  overstressing 
in  «critical»  zones  of  the  welded  joints  and  for 
using  the  models  which  describe  quantitatively  the 
expected  process  of  fracture.  Factors,  which  influ¬ 
ence  the  process  of  a  cyclic  fracture  of  the  welded 
joints,  are  illustrated  in  Figure  1.  Method  of  finite 
elements  (FEM)  in  two-  and  three-dimensional 
statements  in  realization  of  physically  non-linear 
models  of  the  material  deforming  is  the  main  tool 
of  examination  of  the  stress-strain  state  of  the 
welded  joints. 

First  of  all,  the  stress  concentration  was  ana¬ 
lyzed  in  the  HAZ  metal  of  the  welded  joints  (con¬ 
centrators  of  a  weld  shape)  which  is  a  main  point 
of  initiation  of  cyclic  and  corrosion-mechanical 
damages  in  hull  structures  (Figure  1,  a,  b).  After 
generalization  of  data  obtained  a  number  of  new 
approximating  formulae  were  suggested  for  typical 
joints  of  ship  hull  structures  and  structures  of  a 
deep-water  equipment  [1,  2].  As  a  whole,  such 
relations  have  a  form  Kt  =  1  +  AVp~,  where  Kt  is 
the  coefficient  of  stress  concentration;  p  is  the  ra¬ 
dius  of  weld  mating  with  the  parent  metal:  this 
parameter  depends  on  the  technology  of  welding 
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Figure  1.  Typical  factors  that  influence  the  process  of  fracture  of  welded  joints:  a  —  formation  of  damage  (p  is  the  radius  of 
fransition  from  weld  to  the  parent  metal;  cn,  are  the  nominal  and  local  amplitude  values  of  stresses,  respectivedy);  b  - 
variation  of  concentration  of  stresses  in  changing  of  local  values  p  (h,  hx,  h2  are  the  legs  of  weld,  P  is  the  density  of  probability 
p  and  corresponding  values  of  values  of  coefficient  of  stress  concentration  Kt ;  Afmin,  ATmax,  N  are  the^minimum,  maximum  and 
mathematically  expected  estimates  of  fatigue  life);  c  —  mechanical  heterogeneity  of  metal  (ay,  oy,  ay  are  the  yield  strength  of 
weld  metal,  HAZ  and  parent  metal,  respectively;  1  -  3  are  the  corresponding  curves  of  a  cyclic  damage);  d  —  residual  welding 
stresses  (oy  -  cy/ct  is  the  component  normal  to  weld) 


and  has  usually  a  nature  of  a  random  value  with  a 
high  dispersity  (Figure  1,  b)\  A  is  the  parameter 
of  a  macrogeometry  of  the  joint,  which  is  deter¬ 
mined  by  preset  sizes  and  kind  of  loading  during 
designing. 

Value  A  determines  the  long-range  fields  of 
stresses  in  the  vicinity  of  a  stress  raiser  and  for  the 
definite  technology,  characterized  by  a  certain 
range  of  values,  it  can  serve  a  measure  of  concen¬ 
tration  of  stresses  in  the  welded  joint.  The  data 
were  obtained,  which  can  estimate  it  for  the  welded 
joints  of  an  intricate  spatial  geometry  of  a  type  of 
crossing  of  elements  of  ship  framing,  breaks  of 
links,  etc.,  which  are  the  sources  of  premature  cy¬ 
clic  fractures  in  ship  hull  structures. 
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Welded  joints  of  high-strength  steel  are  often 
characterized  by  a  high  mechanical  heterogeneity 
of  material  in  the  zone  of  a  concentration  distur¬ 
bance  which  influences  the  level  of  local  deforma¬ 
tions  at  an  elastoplastic  loading.  In  this  connection 
the  peculiarities  of  an  elastoplastic  deforming  of 
the  material  in  similar  conditions  were  investi¬ 
gated.  The  results  of  investigations  were  genera¬ 
lized  in  the  form  of  relations  for  calculation  of 
coefficients  of  concentration  of  deformation  Kz  at 
static  and  cyclic  loadings  [1]:  K£  =  f( Kt,  Y> 

g/g™,  where  a™  is  the  comparative  level  of 
nominal  stresses;  y  is  the  relation  between  the 
strength  characteristics  of  weld  metal  (WM)  and 
the  parent  metal  (PM).  These  relations  make  it 
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Figure  2.  Schematic  representation  of  residual  welding  stresses: 
a  -  c  —  reactive,  natural  and  local  RWS,  respectively;  and 
Or  are  the  reactive  stresses  from  welded-in  elements;  0*  are 
the  total  reactive  stresses;  otrans  and  crlong  are  the  transverse  and 
longitudinal  RWS,  respectively 

possible  to  describe  the  effects  of  localizing  the 
deformations  in  a  less  stronger  structural  constitu¬ 
ent  of  the  welded  joint  and  a  partial  unloading  of 
its  surrounding  zones. 

Welded  nonheat-trcatable  structures  are  cha¬ 
racterized  by  the  presence  of  residual  welding 
stresses  (RWS)  which  can  influence  the  formation 
of  a  cycle  of  deforming  and  fracture  in  the  zones 
of  stress  concentration  at  the  boundary  of  the  weld 
reinforcement  and  at  the  contour  of  internal  and 
external  defects  (Figure  2). 

Due  to  impossibility  of  using  analytical  methods 
of  evaluating  RWS  in  multipass  welded  joints  the 
basic  information  about  the  nature  of  their  distri¬ 
bution  was  obtained  with  the  help  of  numerical 
methods  of  solution  of  thermodeformational  prob¬ 
lems.  Problems  of  FEM  were  solved  in  a  plane  and 
axisymmetric  statement  using  the  theory  of  non- 
isothcrmal  plastic  yielding  and  yield  conditions  of 
Mises  for  a  perfect  elastoplastic  body  [3,  4].  The 
calculated  analysis  made  it  possible  to  obtain  the 
following  results: 

•  the  relation  between  the  level  of  natural  RWS 
and  thickness  of  the  joint,  type  of  a  groove  and 
number  of  passes  during  its  filling  was  established. 
For  multipass  joints  (more  than  six  passes)  a  rather 
typical  distribution  of  the  natural  RWS,  reaching 
the  limiting  tensile  level  in  the  zone  of  the  weld 
reinforcement  (0.6  -  0.8  of  the  yield  strength  in  a 
transverse  component  and  1 .0  of  the  yield  strength 


in  a  longitudinal  component  with  respect  to  the 
weld  axis)  at  the  compression  in  the  weld  root  was 
established; 

•  local  RWS  reach  maximum  level  at  the  joint 
thicknesses  of  more  than  6-8  sizes  of  HAZ  and 
for  metals  with  high  (>  400  °C)  temperatures  of 
y->a  transition  they  reach  the  yield  strength  at 
high  gradients  of  the  RWS  field  and  the  presence 
of  three-axial  stressed  state;  a  drastic  decrease  in 
temperature  Ar\  can  lead  to  the  occurrence  of  the 
compression  zones; 

•  the  relations  between  the  residual  shrinkage 
deformations  and  thickness,  type  of  groove  and 
used  technology  of  weld  making  were  determined. 
The  application  of  an  experimentally  confirmed  as¬ 
sumption  about  the  independence  of  these  defor¬ 
mations  of  adaptability  of  elements  being  welded 
makes  it  possible  to  calculate  the  distribution  of 
reactive  RWS  for  the  joints,  whose  welds  cut  the 
shell  of  a  hull  structure  and  form  a  closed  contour 
in  the  sheet  plane.  Such  stresses  are  usually  long- 
ranged,  uniformly  distributed  in  the  thickness  of 
the  parent  metal  and  they  decrease  monotonously 
with  an  increase  in  distance  from  the  joint,  i.e. 
their  source.  The  procedure  of  calculation  of  reac¬ 
tive  stresses  is  reduced  to  the  solution  of  problems 
of  the  theory  of  elasticity  with  preset  initial  defor¬ 
mations,  which  are  equal  to  the  deformations  of 
the  weld  shrinkage.  They  are  solved  using  the  ana¬ 
lytical  method  (for  axisymmetric  joints)  or  numeri¬ 
cally  with  the  help  of  FEM  in  a  plane  statement 
(for  the  joints  of  a  type  of  sealing  holes  of  a  rec¬ 
tangular  or  irregular  shape  in  the  sheet  plane)  [5]. 
In  accordance  with  the  developed  procedure  of  cal¬ 
culation  the  level  of  reactive  welding  stresses  in 
structure  element  considered  is  determined  by  a 
sum  of  natural  reactive  stresses  for  the  given  ele¬ 
ment  and  additional  a^dd,  caused  by  the  presence 

of  near-located  sources  (c^dd  =  r| Cr,  where  T}  is  the 
coefficient  of  stress  decreasing,  which  is  a  function 
of  distance  between  the  welds).  The  procedure  can 
also  take  into  account  the  effect  of  assembly  ope¬ 
rations  when  the  initial  displacements  caused  by 
assembly-erection  tolerances  are  added  to  the  vo¬ 
lumes  of  a  longitudinal  shortening. 

The  developed  calculated  approaches  to  the  de¬ 
fined  analysis  of  local  service  and  residual  techno¬ 
logical  stresses  could  establish  their  effect  on  the 
formation  and  propagation  of  damages  in  welded 
nonheat-treated  joints. 

Assurance  of  cyclic  strength.  One  of  the  most 
important  problems  of  assurance  of  reliability  of 
welded  structures  and  selection  of  their  optimum 
designing  is  the  development  of  methods  of  calcu¬ 
lation  of  service  life  at  cyclic  loading.  For  a  low- 
cycle  region  of  loading  typical  of  elements  of  deep¬ 
water  equipment  there  were  no  similar  methodical 
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Figure  3.  Modelling  of  initial  stage  of  cyclic  damages:  a  —  peculiarities  of  propagation  of  a  short  crack;  b  —  deformational-kinetic 
model 


developments.  For  hull  structures  typical  of  ships 
and  drilling  platforms  used  at  multicyclic  loading 
under  the  action  of  a  wind-water  and  ice  loading 
the  standardized  methodologies  of  foreign  classifi¬ 
cation  societies  are  known.  They  are  based  mainly 
on  the  purely  experimental  proof  of  curves  of  al¬ 
lowable  cyclic  stresses.  Within  the  scope  of  this 
approach  it  is  difficult  to  take  into  account  many 
design  and  technological  factors  which  stipulate 
the  cyclic  strength.  In  addition,  the  transition  from 
results  of  testing  of  specimens  to  the  prediction  of 
fracture  of  a  full-scale  structure  element  at  different 
sizes  and  schemes  of  their  loading  leads  always  to 
the  loss  in  accuracy  if  it  is  not  accompanied  by 
additional  amount  of  analyses  of  these  differences. 

Scientific  and  methodological  developments  in 
the  field  of  creation  of  methods  of  a  calculated 
determination  of  a  cyclic  strength  are  based  on  the 
results  of  numerical  investigations  of  stress-strain 
state  (SSS)  of  the  welded  joints,  experimental  in¬ 
vestigations  of  kinetics  of  fracture  of  ship  hull  steels 
and  welded  joints  and  also  data  obtained  in  the 
course  of  a  physical  modelling  of  fatigue  fracture 
processes.  Feasibility  of  using  single  dependences 
of  the  fatigue  life  before  the  crack  initiation  on  the 
amplitude  of  a  complete  deformation  and  rate  of 
the  growth  of  the  fatigue  crack  and  on  the  range 
of  the  stress  intensity  factor  (SIF)  has  been  estab¬ 
lished.  The  data  about  the  effect  of  such  factors, 
as  asymmetry  of  a  loading  cycle,  action  of  corrosion 
environment,  superposition  of  vibrating  constitu¬ 
ent  of  loading  on  these  relations,  are  obtained.  To 
predict  the  conditions  of  fracture  in  stress  raisers 
of  small  radii  (welded  joints  without  an  additional 
treatment  refer  to  them),  a  deformational-kinetic 
model  of  formation  of  an  avalanche  crack  based  on 
summing  of  two  rates  of  damage  (Figure  3),  i.e. 
rate  of  crack  growth,  determined  from  a  diagram 
of  cyclic  crack  resistance  and  which  is  a  function 
of  current  SIF  value  in  its  tip,  and  an  additional 
rate  damage  which  is  determined  by  an  amplitude 
of  local  deformations  in  the  same  point,  has  been 
developed  [6].  The  determining  equations  for  the 
rate  of  growth  of  the  fatigue  crack  at  different 
stages  of  its  propagation  have  the  following  form: 
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The  calculated  fatigue  life  is  determined  by  the 
relation 


^inax 

where  Vj  =  Vi  (Ae*);  vcr  =  da/dN  =  C  (A K)m\  amSLX 
is  the  recording  depth  of  the  crack. 

Realization  of  the  given  model  in  the  form  of  a 
computer  program  makes  it  possible  to  calculate 
the  curves  of  the  allowable  cyclic  stresses  by  using 
the  following  system  of  parameters: 

•  technological  (parameters  p  of  distribution  of 
a  radius  of  weld  mating  with  the  parent  metal  which 
depend  on  the  method  of  welding,  RWS  level,  de¬ 
gree  of  heterogeneity  in  combination  of  parent  me¬ 
tal-weld); 

•  design  (parameter  A  of  macrogeometry  of  the 
welded  joint,  existing  level  of  reactive  stresses, 
which  is  determined  by  a  mutual  weld  location). 

The  results  of  calculations  coincide  satisfactory 
with  experimental  data  and  standard  curves  of  al¬ 
lowable  stresses.  This  allows  the  developed  metho¬ 
dology  to  be  used  for  the  solution  of  the  formulated 
problems.  For  its  effective  use  in  designing  two 
versions  of  the  methodology  of  calculation  of  ser¬ 
vice  life  of  welded  units  have  been  developed:  rela¬ 
tive  to  the  structures  of  a  deep-water  machinery  (a 
low-cycle  area)  and  to  the  structures  of  ice-resistant 
drilling  rigs  (IRDR)  (multicycle  area).  Main  their 
procedures  are  reduced  to  the  following  operations: 

•  calculated  determination  of  a  coefficient  of 
decreasing  the  cyclic  strength  of  the  welded  joint 
Kf,  which  is  the  value,  associated  with  parameters 
A  and  p; 
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•  selection  of  a  curve  of  allowable  cyclic  stresses 
for  the  preset  level  of  RWS,  sign  of  a  loading  cycle 
and  determined  value 

•  determination  of  a  safety  factor  by  the  number 
of  cycles  in  accordance  with  a  procedure,  summa¬ 
rizing  the  results  of  analysis  of  kinetics  of  the  fa¬ 
tigue  crack  as  a  function  of  a  level  of  tensile  service 
and  reactive  stresses; 

•  application  of  a  principle  of  a  linear  summing 
of  a  damage  for  a  case  of  the  non-stationary  loading. 

The  application  of  the  procedure  for  the  predic¬ 
tion  of  the  service  life  of  welded  joints  of  the  deep¬ 
water  equipment  makes  it  possible  to  allow  for 
main  technological  factors  occurring  in  welding 
and  to  make  grounded  calculated  evaluation  of  the 
service  life  by  a  criterion  of  formation  of  a  visually 
recording  crack.  In  this  version  the  methodology 
has  no  analogues. 

For  the  procedure  of  determination  of  a  cyclic 
strength  of  welded  joints  of  the  stationary  drilling 
rigs  the  most  important  corrections  and  clarifica¬ 
tions  for  the  existing  standardized  documents  were 
due  to  the  differentiation  of  limiting  states  at  cyclic 
loading  for  the  structure  members  of  different  ex¬ 
tent  of  responsibility  and  also  due  to  introduction 
of  a  formalized  procedure  of  determination  of  a 
class  of  the  welded  joint  by  a  cyclic  strength.  The 
latter  promotes  the  allowance  for  the  calculation 
of  the  larger  amount  of  design  and  technological 
factors  which  affect  the  cyclic  life  of  structure. 

The  developed  approaches  promoted  the  crea¬ 
tion  of  calculated  methods  giving  an  opportunity 
to  influence  the  design-technological  designing  of 
the  off-shore  structures.  As  a  result  of  the  investi¬ 
gations  the  requirements  to  a  designed  arrangement 
of  elements  and  weld  layout  in  hull  structures  of 
the  deep-water  machinery  were  formulated  and  for¬ 
malized.  General  principles  of  optimizing  the  de¬ 
sign-technological  presentation  of  welded  structure 
elements  were  determined  and  geometry  of  welded 
joints  for  the  stationary  drilling  rigs  were  opti¬ 
mized. 

The  increase  in  a  cyclic  strength  of  the  welded 
joints  of  ship  hull  structures  can  be  attained  by 
using  special  technological  methods.  They  can  be 
divided  into  the  following  groups:  those  which  de¬ 
crease  stress  concentration  and  RWS  and  those 
which  create  compressive  residual  stresses.  The 
most  effective  methods  of  increasing  the  cyclic 
strength  are  those  which  provide  the  simultaneous 
decrease  in  stress  concentration  and  creation  of 
compressive  stresses  [7].  By  the  degree  of  effec¬ 
tiveness  the  examined  methods  can  be  arranged  in 
the  following  row: 

•  surface  plastic  treatment  with  a  formation  of 
a  preset  radius; 

•  surface  plastic  treatment  by  a  shot  peening  or 
by  a  bunched  peening  tool; 

•  argon-arc  fusion; 


•  grinding  of  butt  welded  joint  or  machining 
of  T-joint  for  a  preset  radius  of  mating. 

For  industrial  conditions  a  technological  pro¬ 
cess  of  a  surface  plastic  treatment  with  a  formation 
of  a  preset  geometry  of  a  concentrator  on  the  basis 
of  using  an  updated  pneumatic  hammer  «Resurs-l» 
with  a  special  head  —  striker,  which  provides  the 
required  parameters  of  treatment  for  1  -  2  passes, 
has  been  developed.  When  using  this  technological 
process  the  fatigue  life  of  welded  structures  in  air 
and  sea  water  is  increased  by  an  order  within  the 
wide  variation  of  stresses. 

Methodology  of  defectness  standardizing.  One 
of  the  most  important  trends  of  works  for  assurance 
of  reliability  of  welded  structures  is  justification 
and  development  of  industrial  criteria  of  an  allow¬ 
able  technological  defectness  of  the  welds.  The  de¬ 
veloped  methodology  of  a  calculated  assessment  of 
the  fatigue  life  of  welded  joints  with  defects,  whose 
block-diagram  is  presented  in  Figure  4,  serves  a 
basis  for  the  prediction  of  a  hazard  of  defects  and 
creation  of  scientifically-grounded  requirements  to 
the  quality  of  welded  joints  for  structures  of  dif¬ 
ferent  classes  and  responsibility. 

The  main  principles  of  assessment  of  a  number 
of  cycles  before  the  appearance  of  a  fatigue  crack 
at  the  boundaries  of  the  defect  correspond  to  the 
method  of  calculation  of  a  cyclic  service  life  of  the 
joints  whose  main  statements  were  considered 
above.  The  largest  difficulty  is  encountered  in  de¬ 
termination  of  SIF  K\  at  the  defect  contour  under 
the  conditions  of  high-gradient  fields  of  residual 
welding  and  service  stresses  and  changing  geometry 
of  the  propagating  crack.  Mathematical  model  for 
the  solution  of  this  problem  was  developed  on  the 
basis  of  a  method  of  weight  function  for  flat  cracks 
of  an  elliptic  shape  [8].  Within  the  scope  of  this 
approach  the  internal  defects  are  considered  as  a 
three-dimensional  ellipsoid  which  creates  the  stress 
concentration  in  the  weld  metal,  corresponding  to 
a  real  defect.  After  the  crack  formation  at  its  con¬ 
tour,  further  an  elliptic  crack  is  considered  with 
parameters  of  an  initial  defect.  The  number  of  cy¬ 
cles  at  the  stage  of  the  crack  propagation  is  deter¬ 
mined  by  a  step-by-step  integrating  of  an  experi¬ 
mental  relation  between  the  rate  of  crack  propaga¬ 
tion  in  weld  metal  and  K\. 

The  determination  of  the  allowance  of  internal 
defects  in  welds  is  made  coming  from  the  following 
conditions:  Ari  d(cT)  |  a  =  „cr>  [Npr] or ATi.dCa)  L  =  «cr  > 
>  A/sh.d  (o)  |  a  =  acr>  where  A^.d  is  the  fatigue  life 
determined  in  fracture  caused  by  inner  defect  of 
weld;  Nsh.d  is  the  fatigue  life  determined  at  fracture 
along  the  external  contour,  i.e.  weld  «shape  de¬ 
fect^  [A/prl  is  the  required  (preset)  cyclic  life  of 
the  joint;  a  and  aCT  are  the  current  and  critical  sizes 
of  the  internal  defect. 

Such  approach  can  correlate  the  requirements 
to  the  limiting  allowable  sizes  of  defects  acr ,  that 
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Figure  4.  Block-diagram  of  calculation  of  a  cyclic  life  of  welded  joint  with  a  technological  defect 
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provide  the  safe  service  of  welded  joints  of  the  hull 
structures  with  the  requirements  to  a  resolution 
capability  do  of  NDT  methods  and  catagory  of  the 
welded  joint  itself: 


a0  +  Aa<  aCT . 

This  gives  a  feasibility  to  determine  an  allow- 
able  growth  of  crack  A  a  for  a  number  of  cycles 
[Npr],  which  corresponds  to  different  limiting 
states  for  welded  joints  which  differ  by  a  degree 
of  responsibility  (special,  basic  and  auxiliary).  In 
the  first  case  the  allowable  value  A  a  is  assumed 
equal  to  OAao.  For  basic  and  auxiliary  joints  the 
feasibility  of  defect  growth  to  0.25  of  thickness 
and  more  is  allowed,  excluding  the  hazard  of  a 
brittle  fracture. 

The  problem  of  a  comparative  hazard  of  internal 
defects  and  repair  regions  requires  a  special  discus¬ 
sion.  It  is  shown  experimentally,  that  the  techno¬ 
logical  operations  for  removal  of  the  weld  defective 
metal  and  subsequent  repair  welding  of  this  area 
leads  to  the  appearance  of  additional  reactive 
stresses  whose  level  is  decreased  with  the  increase 
in  the  length  of  the  area  repaired  and  with  the 
decrease  in  the  removal  depth.  It  was  established 
analytically  and  experimentally  that  most  root  de¬ 
fects  in  multipass  welds  do  not  practically  propa¬ 
gate  due  to  compressive  residual  stresses  in  these 
zones.  Therefore,  the  optimizing  of  design  and  tech¬ 
nological  solutions  from  the  point  of  view  of  re¬ 
duction  in  repair  works  becomes  feasible  in  princi¬ 
ple. 

The  numerous  theoretical  and  experimental  in¬ 
vestigations  on  assessment  of  a  degree  of  hazard 
and  allowance  of  different  kinds  of  defects,  neces¬ 
sity  and  expediency  in  their  repair,  and  also  exper¬ 
tise  of  defects,  occurring  during  service  of  the  off¬ 
shore  structures,  contributed  to  the  feasibility  of 
development  of  the  required  standardized  docu¬ 
mentation  and  keeping  the  design  and  technological 
strength  at  the  level  which  guarantees  the  safe  ser¬ 
vice  of  the  structures. 

Requirements  to  the  toughness  and  cold  re¬ 
sistance.  Problems  of  assurance  of  a  brittle 
strength  of  welded  joints,  first  of  all,  of  IRDR  and 
ice  breakers  differ  essentially  from  similar  problems 
which  are  solved  by  the  methods  of  fracture  me¬ 
chanics  in  the  nuclear  power  engineering,  when 
designing  structures  of  pressure  vessels  type,  etc. 
From  the  one  hand,  thicknesses  here  arc  relatively 
small  and  there  are  possibilities  to  make  allowances 
for  the  reserves  of  the  materials  toughness  which 
are  associated  with  a  difference  in  the  stressed  state 
at  the  front  of  the  crack  caused  by  the  limiting 
rigid  conditions  of  a  plane  deformation.  From  the 
other  hand,  the  feasibility  of  existing  defects  of 
large  sizes,  which  exceed  significantly  the  thickness 
of  the  structure  elements,  dynamic  conditions  of 
loading,  high  level  of  RWS  are  the  factors  leading 


to  the  necessity  in  evaluating  conditions  which  will 
prevent  the  brittle  fractures  and  in  formulating  the 
strict  enough  requirements  to  the  toughness  and 
cold  resistance  of  the  materials  used.  From  the  po¬ 
sitions  of  the  fracture  mechanics,  the  problem  is 
specific  in  the  necessity  to  take  into  account  a  mixed 
nature  of  the  SSS  at  the  crack  front,  a  presence  of 
its  stable  growth  using  characteristics  of  non-linear 
mechanics  of  fracture  (CTOD,  critical  values  of 
/-integral)  in  the  course  of  the  experimental  de¬ 
termination  of  the  crack  resistance  of  the  materials. 

The  calculated  modelling  of  possible  mecha¬ 
nisms  of  brittle  fracture  of  elements  of  welded  non- 
heat-treatable  structures  demonstrates  the  neces¬ 
sity  in  using  different  limiting  states  during  assess¬ 
ment  of  a  brittle  strength  and  appropriate  criteria: 

•  criterion  of  prevention  of  a  crack  initiation 
(brake-out).  It  is  rational  to  use  it,  for  example, 
for  elements  of  structures  of  deep-water  equipment 
and  in  other  cases  when  the  expected  sizes  of  the 
calculated  defect  do  not  exceed  the  structure  ele¬ 
ment  thickness; 

•  criterion  of  prevention  of  transition  to  an  in¬ 
stable  fracture.  It  should  be  used  in  cases  when  the 
size  of  the  calculated  defect  in  the  form  of  a  through 
crack  is  assumed  to  exceed  significantly  the  thick¬ 
ness  of  the  structure  element.  Such  limiting  state 
should  be  considered,  for  example,  for  the  IRDR 
elements  with  a  high  level  of  design  stress  concen¬ 
tration  and  a  high  cyclic  loading.  In  these  cases  it 
is  rational  to  take  into  account  the  feasibility  of  a 
multiple  increase  in  loading  at  a  stable  crack 
growth,  and  the  use  of  the  criteria  of  a  crack  ini¬ 
tiation  (brake-out)  is  seemed  to  be  rather  conser¬ 
vative; 

•  criterion  of  a  brittle  crack  arresting.  It  is  for¬ 
mulated  not  with  respect  to  any  size  of  the  calcu¬ 
lated  defect  as  a  basic  temperature  criterion  of 
tough-brittle  transition  for  the  material  of  the 
structure  elements  subjected  to  a  dynamic  loading 
(for  example,  ice  belt  of  the  IRDR). 

Criterion  of  prevention  of  the  crack  initiation 
(brake-out)  is  formulated  with  respect  to  the  con¬ 
ditions  of  a  plane  deformation  in  the  form  of 
requirements  to  the  level  of  a  relative  crack  re¬ 
sistance  (3: 
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where  t  is  the  thickness;  G0.2  is  the  yield  strength 
of  the  material;  K\c  is  the  critical  value  of  SIF;  /lc 
is  the  critical  value  of  /-integral;  [p]  is  the  regu¬ 
lated  level  of  p.  From  the  results  of  modelling  the 
conditions  of  a  static  fracture  of  the  structure  ele¬ 
ments  with  crack-like  defects,  the  conditions  of 
adaptability  of  the  material  were  determined.  The 
value  [PI  is  set  within  the  range  from  0.4  to  1.2 
depending  on  structure  purpose,  kind  of  loading, 
expected  level  of  RWS.  Correlation  between  the 
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Figure  5.  Assurance  of  service  life  and  reliability  of  IRDR  structures:  a  —  ensuring  of  conditions  of  crack  arresting;  b  — 
prevention  of  conditions  of  crack  initiation  (brake-out);  c  —  quality  control  of  metal  using  standard  Charpy  specimens;  1  — 
parent  metal;  2  —  manual  welding;  3  —  automatic  welding;  t  —  thickness  of  prefabrication  used,  mm 


level  of  energy  of  impact  KV  and  value  K\c  for 
steels  with  yield  strength  in  the  range  of  Go. 2  = 
=  400  -  1600  MPa  was  investigated;  the  mathe¬ 
matically-expected  estimates  correspond  to  the  for¬ 
mula  7Cic[MPaVmT]  =  21  ^lKV[J] .  The  given  ap¬ 
proach  makes  it  possible  to  regulate  the  level  KV 
for  the  structure  elements  as  a  function  of  thickness, 
material  strength,  peculiarities  of  the  technology, 
purpose  and  degree  of  their  responsibility  (Fi¬ 
gure  5)  [9], 

Criterion  of  prevention  of  the  instable  fracture 
at  a  preset  size  of  the  calculated  defect  is  formulated 
in  the  form  of  requirements  to  the  CTOD  parameter 
determined  in  accordance  with  the  standards.  There 
is  no  direct  correlation  of  this  parameter  with  KV 
level:  within  the  region  of  temperatures  of  a  tough- 
brittle  transition,  CTOD  drastically  depends  on 
the  thickness  of  a  prefabrication,  that  causes  the 
need  in  testing  metal  in  a  full-scale  thickness  during 
its  certification.  Proposals  on  differentiating  re¬ 
quirements  to  CTOD  for  the  parent  metal  and  ma¬ 
terial  of  the  welded  joints  depending  on  thickness, 
strength  and  category  of  responsibility  of  the  struc¬ 
ture  element  have  been  developed  on  the  basis  of 
the  results  of  investigations  of  the  processes  of  a 
stable  growth  of  the  cracks  and  instable  fracture, 
which  is  accompanied  by  changing  its  mi¬ 
cromechanism.  The  relation  of  temperatures  corre¬ 
sponding  to  the  CTOD  level  with  a  temperature 
of  the  crack  arresting  was  analyzed. 

A  series  of  theoretical  and  experimental  inves¬ 
tigations  of  the  resistance  of  the  ship  hull  steels  to 
the  brittle  fracture,  establishment  of  interrelation 
of  limiting  states  with  category  (or  degree  of  re¬ 
sponsibility)  of  the  structure  elements,  compara¬ 
tive  investigation  of  standardized  approaches  of  dif¬ 
ferent  classification  societies  contributed  to  the  de¬ 
velopment  and  suggestion  of  scientifically- 
grounded  requirements  to  the  materials  used  in  con¬ 
struction  of  IRDR. 

Experimental  assurance.  Assurance  of  strength 
and  fatigue  life  of  welded  elements  of  a  deep-water 
machinery  and  off-shore  constructions  cannot  be 
based  only  on  the  theoretical  developments  but 
requires  also  the  obligatory  experimental  confirma¬ 


tion.  The  comprehensive  investigations  carried  out 
within  the  scope  of  the  above-mentioned  direction, 
accumulation  of  data  on  actual  characteristics  of 
fracture  resistance  of  ship  hull  materials  and 
welded  joints  were  performed  at  unique-equipped 
experimental  laboratory  of  «Promtest  KM»  of 
TsNII  KM  «Prometey».  The  laboratory  was  created 
in  the  1980s  on  the  base  of  versatile  test  machines 
of  company  «Shenk»  (26  units  of  equipment)  with 
a  wide  range  of  generated  forces  (from  1 0  to  8000 1) 
and  a  computer  system  of  control  of  the  test  process 
and  recording  of  information  which  can  reproduce 
the  complex  service  spectra  of  loading.  The  labo¬ 
ratory  is  accredited  for  technical  competence  and 
independence  in  Gosstandart  of  Russian  Federation 
and  Russian  Navy  Register  of  navigation.  Over 
many  years  this  laboratory  carries  out  the  research 
and  expertise  works  for  shipbuilding  and  different 
branches  of  engineering,  as  well  as  certification 
tests.  To  provide  the  attestation  of  materials  by 
the  parameters  of  crack  resistance  in  accordance 
with  a  world  level,  the  works  were  made  on  the 
creation  of  branch  methodologies  and  series  of  tests 
were  made  for  the  domestic  and  foreign  customers 
(including  tests  under  the  supervision  of  repre¬ 
sentatives  of  foreign  classification  societies).  The 
methods  of  determination  of  temperatures  of  tough- 
brittle  transition  and  crack  arresting  for  the  metal 
of  large  thicknesses  (>  20  mm)  were  mastered.  For 
this  purpose,  in  particular,  a  unique  vertical  impact 
testing  machine  of  18  kj  capacity  has  been  created. 

Combination  of  new  theoretical  and  calcula¬ 
tion-analytic  approaches  with  wide  experimental 
capabilities  will  contribute  to  the  solution  of  com¬ 
plex  problems  of  design-technological  strength  of 
the  deep-water  machinery  and  structures  of  the  off¬ 
shore  constructions  at  the  level  of  existing  world 
requirements. 

CONCLUSIONS 

The  described  problems  of  assurance  of  design-te¬ 
chnological  strength  of  structures  of  the  off-shore 
constructions  and  deep-water  machinery  demonst¬ 
rate  the  complex  interrelation  of  technology  of 
their  manufacture  with  a  real  reliability  realized 
in  practice.  Solution  of  the  above-given  problems 
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made  it  possible  to  develop  and  to  use  successfully 
in  service  many  samples  of  the  off-shore  machinery, 
starting  from  the  nuclear  ice  breakers  « Lenin »  and 
«Rossiya»,  different  modifications  of  deep-water 
apparatuses,  and  also  different  types  of  floating, 
semi-immersed  and  stationary  drilling  platforms 
for  production  of  oil  and  gas,  and  finishing  by  such 
ships,  as  « Admiral  Kuznetsov».  Practical  imple¬ 
mentation  of  the  developed  methodologies  and 
approaches  of  design-technological  designing  of 
hull  structures  of  the  off-shore  machinery  could 
increase  their  reliability  at  the  stages  of  designing, 
construction  and  service.  The  further  development 
of  works  of  this  direction  is  associated  with  the 
widening  and  adaptation  of  fulfilled  research  de¬ 
velopments  for  new  classes  of  structures,  new 
materials  and  new  spectra  of  effects. 
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EVALUATION  OF  RESIDUAL  LIFE  OF 
LOAD-CARRYING  WELDED  STRUCTURES  AND 
EXTENSION  OF  THEIR  SERVICE  LIFE 
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ABSTRACT 

It  is  shown  that  service  life  of  welded  structures  can  be  extended  using  safety  factors  allowed  for  in  design  of 
these  structures  and  based  on  differences  in  their  actual  operating  time  and  assigned  life  time.  The  method  is 
suggested  to  reveal  the  above  safety  factors  in  order  to  estimate  residual  life  of  the  structures  on  the  basis  of 
main  design  parameters  affecting  it. 


Key  words:  structure ,  residual  life,  service  life,  ope¬ 
rating  time,  extension,  accumulation  of  fatigue  damage,  fa¬ 
tigue  resistance,  durability,  calculation. 

There  are  cases  where  load-carrying  structures 
(LCS)  have  exhausted  their  assigned  life  time,  but 
they  have  to  remain  in  operation  for  some  reasons 
of  technical-economic  or  cultural-historical  charac¬ 
ter.  Examples  are  span  structures  of  bridges,  frames 
of  industrial  buildings,  railway  rolling  stock,  hoist¬ 
ing  equipment  etc. 

At  the  same  time,  as  shown  by  practice,  prema¬ 
ture  damage  (during  the  assigned  life  time)  may 
occur  in  this  type  of  the  LCS.  Estimation  of  residual 
life  and  change  in  the  assigned  life  time  of  these 
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structures  require  that  the  well-grounded  package 
of  scientific,  technical,  organizational  and  legal 
measures  be  taken  to  assure  their  safe  operation 
during  the  newly  specified  service  life.  General 
statements  and  requirements  for  the  systematic  ap¬ 
proach  to  assuring  safe  operation  of  the  LCS  should 
be  based  on  scientific  and  technical  solutions  asso¬ 
ciated  with  modification  (upgrading)  of  previous 
approaches  to  calculation  and  design,  allowance 
for  duty  cycle  and  operating  time  of  structural 
members,  methods  for  technical  diagnostics  and 
evaluation  of  materials  properties. 

The  assigned  life  time  Tas  versus  actual  operat¬ 
ing  time  Ta  is  shown  in  Figure  1.  Curve  /  charac¬ 
terizes  the  calculation  data  for  conditions  assumed 
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in  design  of  the  LCS,  while  the  field  between  curves 
2  and  2'  shows  the  possible  operating  time  of  an 
actual  LCS  at  a  probability  of  damage  designated 
as  pd.  There  is  a  relationship  between  Tas  and  Ta. 
So,  it  is  justifiable  to  consider  distribution  of  Tas 
depending  upon  individual  objects.  In  fact,  the  Tas 
parameter  is  determined  as  the  lower  limit  of  vari¬ 
ance  by  prediction  of  a  general  set  of  the  LCSs  of 
the  type  under  consideration.  Comparing  Ta  and 
Tas  indicates  that  for  the  majority  of  individual 
objects  the  safety  factors  are  allowed  for  as  early 
as  at  the  stage  of  their  design. 

To  estimate  residual  life  and  extend  service  life, 
each  time  we  consider  a  specific  LCS,  which  has 
already  exhausted  its  assigned  life  time.  In  this 
connection,  properties  of  this  structure,  including 
durability,  can  be  specified  on  the  basis  of  technical 
examination,  as  well  as  analysis  of  existing  damage 
and  its  causes.  Therefore,  service  life  of  the  LCS 
can  be  extended  without  any  decrease  in  the  degree 
of  its  safe  operation  on  the  basis  of  results  of  esti¬ 
mation  of  the  residual  life,  allowing  for  its  actual 
technical  condition. 

In  addition,  the  possibility  of  extending  the 
service  life  of  the  LCS  is  determined  on  the  basis 
of  its  operation  conditions.  Curve  1  (Figure  1)  was 
plotted  with  allowance  for  the  calculated  (specified 
in  technical  assignment  for  design  of  the  LCS)  ope¬ 
rating  time  of  an  object.  The  actual  operating  time 
of  an  individual  object  may  differ  substantially 
from  the  calculated  life  time.  This  also  includes 
the  safety  factors  for  residual  life  of  the  LCS.  Re¬ 
vealing  the  above  safety  factors  for  residual  life 
and  extension  of  the  service  life  of  the  LCS  can  be 
done  on  the  basis  of  improvement  of  the  calculation 
methods. 

Residual  life  of  many  LCSs  is  determined  by 
their  fatigue  resistance.  Methods  for  its  estimation 
in  design  are  based  on  two  factors  which  are  of  a 
fundamental  importance.  The  first  includes  a  set 
of  variable  operational  effects  which  the  LCS  with¬ 
stands,  and  the  second  is  a  capability  of  the  LCS 
of  resisting,  without  fracture,  stresses  formed  in 
its  members.  Both  factors  are  characterized  by  a 
substantial  spread  of  values.  Therefore,  in  design 
made  with  allowance  for  these  two  factors  the  cal¬ 
culated  load  and  fatigue  resistance  values  are  usu¬ 
ally  based  on  the  safety  factors.  The  rational  utili¬ 
zation  of  the  safety  factors  in  design  of  structures 
can  be  an  important  reason  for  changing  their  as¬ 
signed  life  time. 

Verification  of  correspondence  of  fatigue  pro¬ 
perties  of  an  object  to  variable  loads  used  in  the 
calculation  methods  is  done  in  design  in  a  tradi¬ 
tional  form 


a0p  —  Gr  , 


(1) 


where  aop  is  the  effective  variable  stress  and  or  is 
the  fatigue  resistance.  The  value  of  Gop  is  assumed 
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Figure  i.  Assigned  life  T w  versus  actual  operating  time  TA  of 
LCS  at  damage  probability  pd:  1  —  calculated  data;  2,  2'  — 
Possible  operating  time  to  failure  for  actual  structures 


to  be  equal  to  the  stress  which  is  equivalent  in  its 
damaging  impact  to  the  operational  loading  condi¬ 
tions  of  an  object,  the  maximum  one  of  the  variable 
effects  or  that  calculated  on  the  basis  of  the  rated 
loads  [1  -4],  The  possibility  of  calculating  resi¬ 
dual  life  of  the  LCS  depends  to  a  considerable  de¬ 
gree  upon  the  method  of  estimation  of  Gop. 

The  probability  approach  to  fatigue  analysis  of 
the  LCSs  [5]  enables  residual  life  and  reliability 
indicators  to  be  estimated  using  the  following  type 
of  the  traditional  form  of  equation  ( 1 )  as  a  reference 
point: 

Da<Dcr,  (2) 


where  Da  is  the  actual  stored  fatigue  damage  and 
Dct  is  the  critical  value  of  the  stored  fatigue  da¬ 
mage.  The  Da  value  is  determined  as  a  function  of 
the  loading  conditions  for  a  member  under  consi¬ 
deration  and  time  T  of  operation  of  a  given  LCS. 

An  important  peculiarity  of  the  T  dependence 
of  Da  is  that  Da  increases  monotonously  with  an 
increase  in  T.  Therefore,  condition  (2)  is  consi¬ 
dered  with  reference  to  the  calculated  time  Tc.  In 
this  case  the  safety  factor  for  fatigue  resistance 
during  Tc  can  be  treated  as  the  safety  factor  for 
stored  fatigue  damage  or  as  the  residual  life: 

5  =  Dcr  -  Da.  (3) 


This  form  of  description  of  the  strength  condi¬ 
tion  for  machine  parts  and  structural  members  is 
often  used  in  calculations  described  in  [6  -  8].  At 
the  same  time,  a  unified  representation  of  condi¬ 
tions  of  the  types  of  (1)  to  (3)  does  not  exclude 
the  possibility  of  applying  different  approaches  to 
strength  analysis.  Therefore,  to  estimate  residual 
life  of  the  LCS  and  change  its  assigned  life  time, 
it  is  important  to  study  how  these  approaches  affect 
the  safety  factor  for  8  by  accumulation  of  fatigue 
damage,  as  well  as  the  estimation  of  durability  of 
the  LCS. 

In  fatigue  analysis  done  by  the  method  of  per¬ 
missible  stresses  [4,9-11]  the  spread  of  values  of 
the  calculated  loads  and  fatigue  characteristics  is 
taken  into  account  conditionally,  using  safety  fac¬ 
tor  n  which  is  assumed  to  be  the  ratio  of  fatigue 
limit  gr  to  effective  stresses  Ge  [11  -  13].  The  de- 
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Figure  2.  Assignment  of  cR  and  ae  in  fatigue  analysis  on  the 
basis  of  acceptable  values  of  stresses  ( a )  and  limiting  states  (6) 


terminant  values  of  the  calculated  characteristics 
gr  and  effective  stresses  ae  are  used  in  this  case. 
Fatigue  limit  gr  is  assumed  to  be  the  mean  quantity 
of  this  value  found  accurate  up  to  ±  10  MPa.  It  is 
thought  that  factor  n  similarly  converts  effective 
loading  cycles  ce  into  calculated  stresses  nae,  i.e. 
it  increases  not  only  the  maximum  values  but  also 
the  rest  of  the  cycle  components  (amplitude,  mean 
value). 

The  coefficient  of  asymmetry  of  calculated 
stresses,  nGe,  has  the  same  value  as  effective  ae.  In 
addition,  the  value  of  ae  is  multiplied  by  safety 
factor  n,  and  its  amplitude  component  is  increased 
fy  a  factor  of  k,  which  accounts  for  the  effect  of 
all  of  the  basic  factors  on  the  fatigue  resistance 
[10,12]. 

In  the  considered  approach  to  fatigue  analysis 
the  objective  existing  distribution  of  the  fatigue 
limits  is  set  only  by  one  parameter,  i.e.  gr,  and 
distribution  of  the  effective  stresses  is  replaced  by 
a  certain  determinant  value  of  noe.  The  relationship 
between  actual  and  assumed  values  of  ae  and  gr 


used  in  the  fatigue  analysis  are  schematically  shown 
in  Figure  2.  In  such  calculations  the  relationship 
between  the  safety  factor  and  reliability  is  rather 
weak.  As  a  result,  the  assumed  safety  factors  [n], 
similar  in  their  values,  often  yield  different  reli¬ 
ability  of  the  LCS. 

As  an  example,  Figure  2,  a  shows  two  distri¬ 
butions  of  the  fatigue  limits  for  the  similar-type 
welded  members,  (pi  (gr)  and  q>2  (gr),  which  dif¬ 
fer  only  in  the  value  of  standard  deviation.  There¬ 
fore,  as  to  the  safety  factor,  the  use  of  these  or 
those  members  is  of  equal  worth.  Although  in  prac¬ 
tice  the  members  characterized  by  a  distribution  of 
(pi  (gr)  with  a  lower  standard  deviation  are  more 
preferable.  The  unjustifiably  wide  limits  of  vari¬ 
ations  in  the  permissible  value  of  the  safety  factor, 
[n]  =  1.2  -  2.5,  are  attributable  primarily  to  this 
fact  [12]. 

Comparison  of  the  actual  values  of  Ge  and  gr 
with  those  used  in  the  fatigue  analysis,  based  on 
the  safety  factor,  allows  a  conclusion  that  the 
method  of  calculation  by  the  permissible  stresses 
takes  an  insufficient  account  for  a  random  char¬ 
acter  of  these  values.  In  fact,  fatigue  tests  of  the 
LCS  by  the  method  of  permissible  stresses  pro¬ 
vide  for  a  substantial  durability  margin.  This, 
however,  makes  almost  impossible  to  minimize 
its  depen-dence  upon  the  individual  properties  of 
the  LCS. 

In  the  fatigue  analysis  done  by  the  method  of 
the  limiting  states,  condition  (1)  is  considered  in 
the  form  of  oe  (ps)  <  Rr.  In  this  case  the  Rr  cha¬ 
racteristic  is  calculated  with  allowance  for  statis¬ 
tical  fatigue  limits  of  structural  members  and  esti¬ 
mated  as  a  value  corresponding  to  the  probability 
of  non-fracture  equal  to  0.95  at  a  confidence  level 
of  0.90  [14].  For  the  probability  of  fracture  of  a 
structure,  ps,  stresses  ae  (ps)  are  calculated  in  a 
similar  way.  They  are  estimated  from  the  fatigue 
curve  plotted  for  the  above  probabilities  and  cor¬ 
respond  to  them  [15,  16].  This  approach  to  finding 
the  calculated  values  of  ae  (ps)  and  Rr  takes  a 
certain  account  for  the  variance  of  the  ae  and  Rr 
values. 

Comparison  between  the  function  of  distribu¬ 
tion  of  effective  stresses,  (p(ae)>  and  the  function 
of  distribution  of  fatigue  limits,  92  (c Tr),  of  the 
member  tested,  as  well  as  between  the  calculated 
values  of  Ge  (ps)  and  Rr  in  estimation  of  fatigue 
by  the  method  of  the  limiting  states  is  shown  in 
Figure  2,  b.  In  this  case  the  calculations  used  some 
determinant  values  of  ae  (ps)  and  Rr  instead  of 
random  values  of  oe  and  Rr,  although  this  imposes 
considerable  restrictions  on  estimation  of  fatigue 
and  residual  lives  of  the  LCS.  This  is  attributable 
primarily  to  the  fact  that  the  relationship  between 
values  of  calculated  fatigue  resistance  Rr  and  re¬ 
liability  indices  depends  upon  the  standard  devia¬ 
tion  and  the  type  of  distribution. 
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For  example,  let  two  similar-type  distributions 
of  fatigue  limits,  <pi  (or\)  and  <p2  (<^2)  have  the 
coinciding  lower  boundaries  of  variance  for  the  ac¬ 
cepted  probabilities  and,  therefore,  values  of  cal¬ 
culated  fatigue  resistances,  Rr\  and  Rr2 ,  equal  to 
each  other.  Then  the  fatigue  analysis  by  the  method 
of  the  limiting  states  using  both  distributions  will 
lead  to  the  same  result. 

However,  the  preference  is  given  to  members 
characterized  by  distribution  (pi  (or\)  with  a  lower 
standard  deviation.  This  conclusion  follows  from 
comparison  of  probabilities  of  failure  of  the  mem¬ 
bers  based  on  description  of  their  properties  using 
distributions  (pi  (or\)  and  92  (0R2).  These  pro¬ 
babilities  (Figure  2,  b)  correspond  to  the  area  below 
curves  C\A\BE\  for  distribution  (pi  (or\)  and  the 
area  of  curvilinear  triangle  CABE  for  distribution 
92  (°R2)- 

Transition  to  the  fatigue  analysis  of  the  LCS 
using  formula  (3)  and  considering  the  safety  factor 
for  durability,  8,  to  be  a  random  value  allow  a  more 
substantiated  approach  to  be  used  to  estimation  of 
residual  life  of  the  LCSs,  based  on  their  operational 
loading. 

To  calculate  residual  life  and  durability  of  the 
LCS,  the  real  processes  of  variations  in  operational 
stresses  are  simplified  and  represented  by  a  number 
of  characteristics.  The  most  important  of  them  are 
the  type  of  the  process  (periodical,  random,  etc.), 
the  law  f(o)  of  distribution  of  operational  stresses 
(normal,  exponential,  etc.)  and  values_of  parame¬ 
ters  of  the  distribution  law  (mean  value  <7,  standard 
deviation  SG,  etc.).  These  characteristics  are  deter¬ 
mined  more  or  less  approximately  by  the  results  of 
the  experimental  investigation  of  the  actual  degree 
of  loading  of  the  LCS.  Therefore,  in  estimation  of 
residual  life  of  the  LCS,  in  order  to  change  its 
assigned  life  time,  it  is  very  important  to  know 
how  these  characteristics  affect  accumulation  of 
fatigue  damage  in  structural  members  and  their 
calculated  durability. 

Equation  (2)  in  a  differential  form  at  Dcv  =  1 
makes  it  possible  to  determine  the  rate  of  accumu¬ 
lation  of  the  fatigue  damage,  dD%,  by  the  number 
of  cycles  and  effective  stresses  Oi 


dE>a 


1 

N(Oi) 


dn  ( <jj ). 


(4) 


Here  variable  (a*)  is  the  characteristic  of  the 
calculated  effect  and  expressed  in  terms  of  the  dis¬ 
tribution  law  f(o).  It  relates  time  T  of  operation 
of  the  structure  to  the  level  of  the  accumulated 
fatigue  damage  Da.  For  this  it  is  necessary  to  know 
the  total  number  of  cycles,  n0  (t),  for  a  certain  time 
t  of  operation  of  the  structure.  Variable  N(Oj)  is 
the  calculated  characteristic  of  the  fatigue  resis¬ 
tance  of  a  structural  member  tested.  In  practical 
calculations  its  values  arc  determined  from  equa- 
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Figure  3.  Dependence  of  the  intensity  of  accumulation  of  fatigue 
damage  upon  o  and  S  at  o/Rr 


tions  of  the  fatigue  curve.  Based  on  the  exponential 
equation  of  the  fatigue  curve  with  the  number  of 
cycles  given  in  the  exponent  [5,  15,  16],  it  holds: 
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where  A,  B  and  Or  are  the  parameters  of  the  fatigue 
curve  equation. 

Formulae  (5)  enable  the  calculation  analysis  of 
the  effect  of  the  type  of  the  law  of  distribution  of 
operational  stresses,  as  well  as  characteristics  of 
the  fatigue  resistance  and  durability  of  a  structural 
member,  providing  that  residual  life  of  the  LCS  is 
sufficiently  grounded. 

Analysis  performed  by  V.E.  Filatov  was  done 
in  relative  units  to  facilitate  generalization  of  the 
results.  For  this  all  variables  in  the  loading  cycles 
were  measured  with  respect  to  parameter  B,  while 
cha-racteristics  having  the  dimensions  of  stresses 
were  measured  in  fractions  of  the  calculated  fatigue 
resistance  Rr .  As  applied  to  the  normal  law  of 
distribution  of  operational  stresses,  formulae  (5) 
were  represented  as  follows: 
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where  Fr  is  the  degree  of  truncation  of  the  distri¬ 
bution  law  by  stresses.  Similarly,  formulae  (5)  can 
be  transformed  also  for  other  distributions  of  ope¬ 
rational  stresses. 

Dependence  of  the  intensity  of  accumulation  of 
fatigue  damage  upon  the  mean  value  of  g/Rr  of 
amplitudes  of  stresses  (at  a  constant  standard  de¬ 
viation  Sg/Rr )  at  the  normal  distribution  law  is 
shown  in  Figure  3,  a.  Curve  1  was  plotted  by  the 
results  of  investigation  of  the  operational  loads  ap¬ 
plied  to  crane  girders  at  a  stripping  shop  of  the 
metallurgical  plant.  The  curve  shows  that  the  major 
part  of  fatigue  damage  is  caused  by  stresses  close 
to  the  calculated  fatigue  resistance  Rr  of  a  tested 
member.  At  the  same  time,  stresses  which  exceed 
Rr  by  20  %  and  more  have  no  marked  effect  on 
durability  of  the  crane  girders.  To  compare,  the 
Figure  shows  for  the  same  girders  the  curves  plotted 
by  the  hypothetical  loads  with  the  g/R  values 
equal  to  0.91,  1.10  and  1.42.  They  are  of  interest 
because  they  characterize  loading  conditions  by  the 
intensity  of  accumulation  of  fatigue  damage. 

Dependence  of  the  intensity  of  accumulation  of 
fatigue  damage  upon  the  variance  of  operational 
stresses  is  shown  in  Figure  3,  b .  An  increase  in 
standard  deviation  Sa  (at  constant  g/Rr )  is  ac¬ 
companied  by  a  shift  of  the  major  part  of  the  stored 
fatigue  damage  dD/dG  to  the  region  of  increased 
stresses  a*.  The  higher  the  values  of  static  parame¬ 
ters  of  distribution  of  a  and  SG,  the  higher  the 
contribution  of  increased  stresses  close  to  the  maxi¬ 
mum  possible  ones  into  accumulation  of  fatigue 
damage.  This  relationship  persists  also  for  other 
laws  of  distribution  of  operational  stresses,  e.g.  for 
the  logarithmic  normal  and  exponential  distribu¬ 
tion  of  operational  stresses.  At  the  same  time,  each 


of  the  distributions  has  its  own  peculiarities.  In 
particular,  in  distribution  of  stresses  following  the 
exponential  law  the  intensity  of  dD/dG  is  almost 
independent  of  the  mean  value  of  a,  if  g  <  Rr. 

In  estimation  of  residual  life  of  the  LCS,  the 
curves  of  the  intensity  of  accumulation  of  fatigue 
damage  make  it  possible  to  substantiate  the  calcu¬ 
lated  loading  conditions  and  investigate  the  effect 
of  their  parameters  on  durability  of  the  structures. 
Figure  4  shows  the  generalized  dependence  of  du¬ 
rability  no  ( T)/B  upon  the  mean  value  of  a  and 
standard  deviation  5a  for  the  normal,  logarithmic- 
normal  and  exponential  distributions.  It  follows 
from  this  Figure  that  the  accuracy  of  estimation  of 
Sc  has  a  pronounced  effect  on  the  calculated  du¬ 
rability  _only  at  comparatively  low  mean  values  of 
a.  At  a  >  Rr  the  variance  of  operational  stresses 
has  a  very  slight  effect  on  durability  of  structural 
members.  An  important  peculiarity  of  the  above 
regularities  (Figures  3  and  4)  is  that  they  allow 
quantitative  estimation  of  the  dependence  of  dura¬ 
bility  of  the  LCS  upon  the  materials  used  (R,  fa]), 
design-technology  solutions  ( Rr ,  gr)  and  opera¬ 
tional  loads  (a,  5a). 

The  procedure  suggested  for  analysis  of  accu¬ 
mulation  of  fatigue  damage  in  estimation  of  resi¬ 
dual  life  of  the  LCS  enables  the  comprehensive 
investigation  of  the  dependence  of  durability  upon 
all  basic  factors  which  determine  fatigue  resistance 
of  the  LCS.  This  procedure  makes  it  possible  to 
reveal  general  principles  of  the  effect  of  charac¬ 
teristics  of  operational  loading  and  fatigue  resis¬ 
tance  of  structural  members  on  reliability  and  du¬ 
rability  of  the  LCS,  as  well  as  to  realize  the  dif¬ 
ferential  approach  to  accuracy  of  rating  of  each  of 
the  calculated  values  in  order  to  substantiate  re¬ 
sidual  life  of  the  LCS. 
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ABSTRACT 

A  program  of  R&D  on  substantiation  of  applicability  of  leak-before-break  concept  to  nuclear  reactor  piping  has 
been  outlined  and  fulfilled.  J-R  curves  measured  on  full-scale  samples  cut  out  of  a  welded  pipe  with  the  working 
cross-section  of  70  by  250  mm  with  through-thickness  and  semi-elliptical  cracks  in  the  circumferential  weld  metal 
were  compared  with  similar  curves  derived  on  ST- IT  compact  samples.  It  is  found  that  the  parameters  of  plastic 
fracture  toughness  measured  on  ST- IT  samples  are  characterised  by  a  higher  level  of  reliability  compared  to  those 
of  full-scale  samples. 


Key  words:  reactor ,  strength ,  weld,  crack,  cyclic  crack 
resistance,  piping  safety. 

The  concept  of  «leak-bcfore-break»  (LBB)  has 
been  more  and  more  often  used  over  the  last  years 
instead  of  the  guillotine  fracture  concept,  in  the 
local  and  foreign  practice  of  designing  nuclear 
power  reactors  and  upgrading  the  equipment  of  the 
operating  NPP,  thus  permitting  a  considerable  cost 
reduction  in  construction  of  the  new  NPP  and  im¬ 
provement  of  the  safety  of  the  currently  operating 
ones. 

The  LBB  concept  is  based  on  the  known  fact 
that  propagation  during  operation  of  a  non- 
through-thickness  defect  present  in  the  piping  and 
its  development  into  a  through-thickness  defect, 
will  not  result  in  complete  fracture,  if  the  length 
of  the  through-thickness  defect  does  not  exceed  a 
critical  value.  In  this  case  it  is  important  to  detect 

©  A.S.  ZUBCHENKO,  G.S.  VASILCHENKO  and  Yu.G.  DRAGUNOV,  2000 


the  leak  in  time  and  shut-down  the  reactor  to  per¬ 
form  repair  or  replacement  of  part  of  the  piping. 

As  the  start  of  1990  «Gidropress»  EDTB,  TsNII¬ 
TMASh,  NIKIET  and  TsKTI  organisations  put  to¬ 
gether  a  program  of  research  and  development  work 
aimed  at  demonstrating  the  applicability  of  LBB 
concept  to  the  bimetal  piping  of  the  main  circula¬ 
tion  circuit  (MCC)  of  WWER-1000  type  reactor 
of  10GN2MFA  steel  with  850  mm  inner  diameter 
and  70  mm  wall  thickness. 

MCC  piping  was  selected  because  of  the  greatest 
cross-section  and  working  medium  which  is  the  pri¬ 
mary  circuit  water  in  it.  More  over,  its  fracture 
would  have  had  the  most  adverse  impact  on  the 
surrounding  equipment  and  building  structures. 

The  research  program  consisted  of  the  following 
main  sections: 

analysis  by  calculation  of  the  limit  condition  of 
Dn  850  piping  with  the  surface  and  postulated 
through-thickness  cracks,  based  on  the  accepted 
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Figure  1.  Comparison  of  J-R  curves  measured  in  testing  samples 
of  various  types:  /  —  full-scale  with  a  through-thickness  central 
crack,  T  =  20  °C;  2  —  full-scale  with  a  surface  central  crack, 
r  =  20  °C;  3,  4  -  compact  ST-1T  at  T  =  20,  320  °C,  respectively; 
A /  —  crack  growth 

standard  characteristics  of  the  materials  for  deter¬ 
mination  of  the  conditions  of  stability  and  critical 
size  of  the  crack; 

determination  of  the  standard  mechanical  pro¬ 
perties,  as  well  as  characteristics  of  static  and  cyclic 
crack  resistance  of  the  actual  circumferential 
welded  joints  of  Dn  850  piping; 

statistical  analysis  of  distribution  of  the  me¬ 
chanical  properties  of  the  piping  material  of  for¬ 
eign-made  10GN2MFA  steel  used  in  fabrication  of 
WWER-1000  type  reactors; 

analysis  of  the  fabrication  technology,  as  well 
as  defect  level  of  MCC  piping  of  WWER-1 000  type 
reactor; 

TsNIITMASh  testing  full-scale  samples  of  the 
actual  thickness  with  through-thickness  and  sur¬ 
face  cracks,  cut  out  of  pipes  with  circumferential 
welds  made  by  the  standard  technology  in  PO 
«Atommash»  and  PO  «Izhorsk  Zavod»  in  order  to 
generate  data  on  the  static  and  cyclic  crack  resis¬ 
tance; 

TsKTI  determining  the  conditions  of  loss  of 
tightness  and  instability  of  the  actual  pipe  with  a 
through-thickness  crack  of  a  postulated  size  in  a 
circumferential  weld,  subjected  to  bending  and  in¬ 
ner  pressure. 

The  results  of  unique  testing  of  the  full-scale 
samples  and  the  actual  pipe  were  used  for  substan¬ 
tiation  of  the  applicability  of  LBB  concept  to 
Dn  850  piping  and  the  required  margins  on  the 
dimensions  of  the  postulated  crack  relative  to  the 
critical  value.  They  also  served  as  the  basis  for  the 
elaborated  as  a  result  of  the  program  fulfilment, 
M-TPR-01-93  standard  on  design  of  NPP  piping 
in  Ukraine  in  terms  of  LBB  concept. 

Let  us  consider  in  greater  detail  some  elements 
of  the  above  program  and  the  results  of  the  sub¬ 
sequent  experimental  investigations. 
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Testing  full-scale  samples.  Testing  of  70  x 
x  250  x  2000  mm  full-scale  samples  produced  in 
PO  «Atommash»  by  the  standard  technology, 
which  were  cut  out  of  a  straight  pipe  with  through¬ 
thickness  and  surface  cracks  in  a  circumferential 
weld,  was  performed  in  TsNIITMASh  testing  ma¬ 
chine  MCC  10. OS  of  Schenk  company  [1]  at  20  °C 
under  the  following  conditions: 

cyclic  testing  of  each  sample  in  tension  for  in¬ 
ducing  fatigue  cracks  initiating  from  a  through¬ 
thickness  or  surface  notch  in  a  circumferential 
weld; 

tensile  loading  of  samples  with  cracks  for  static 
growing  of  the  fatigue  crack; 

periodical  unloading  of  the  sample  and  cyclic 
loading  to  create  a  mark  indicating  the  extent  of 
static  growing  of  the  crack  after  each  stage  of  static 
loading; 

sample  failure  in  tension  after  a  considerable 
static  growing  of  the  crack. 

Comparison  of  the  results  of  testing  the  full- 
scale  and  compact  samples.  ST-1T  samples  with 
cracks  in  the  weld  metal  located  in  the  weld  axis 
plane  were  cut  out  of  the  remaining  part  of  the 
Dn  850  circumferential  welds  after  the  full-scale 
samples  have  been  cut  out,  and  were  tested  at  20 
and  320  °C.  Analytical  processing  of  the  results  of 
testing  the  compact  and  full-scale  samples  with  the 
aim  of  plotting  J-R  curves  was  performed  by  the 
methods  set  forth  in  [2  -  8]. 

J-R  curves  derived  in  testing  the  full-scale  sam¬ 
ples  with  through-thickness  and  surface  cracks  at 
20  °C,  as  well  as  compact  samples  at  20  and  320  °C, 
are  given  in  Figure  1.  Comparison  of  J-R  curves 
plotted  from  the  results  of  testing  these  types  of 
samples  at  20  °C,  revealed  the  following  features. 

At  the  same  extent  of  the  crack  growing  the 
smallest  values  of  J  were  recorded  for  the  compact 
samples,  the  greatest  for  the  full-scale  samples  with 
through-thickness  cracks,  and  the  intermediate 
ones  for  the  full-scale  samples  with  surface  cracks. 
Therefore,  for  a  reliable  substantiation  of  the 
strength  of  welded  joints  of  Dn  850  piping,  use  of 
the  most  conservative  J-R  curves  derived  in  testing 
compact  ST-1T  samples  can  be  recommended. 

It  should  be  noted  that  testing  of  the  second 
series  of  full-scale  samples  cut  out  of  the  test  model 
made  in  PO  «Izhorsk  Zavod»  of  a  foreign-made 
bimetal  pipe  with  through-thickness  and  surface 
cracks  not  only  in  the  circumferential  weld,  but 
also  in  the  base  metal  and  the  HAZ  metal,  con¬ 
firmed  the  earlier  formulated  conclusion  as  J-R 
curves  of  the  welds  produced  in  PO  «Atommash» 
and  PO  «Izhorsk  Zavod»  were  similar,  and  J-R 
curves  of  the  base  metal  and  the  HAZ  metal  had 
higher  parameters. 

Investigation  of  cyclic  crack  resistance.  Study 
of  the  rate  of  crack  growth  in  the  metal  of  the  weld 
of  Dn  850  piping  under  cyclic  loading  was  per- 
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Figure  2.  Rate  of  crack  growth  in  the  metal  of  the  weld  of  Dn 
850  piping  of  10GN2MFA  steel:  1  -  4  —  samples  with  surface 
cracks;  5  ~  9  —  samples  with  through-thickness  cracks  (18  x 
x  12  x  160  mm  bend  testing  samples)  (/  —  f  -  15  Hz;  2  —  f  = 
=  1  Hz;  3  -  ST-1T  at  f  =  10  Hz;  4  -  10  x  60  mm  at  f  = 
=  20  Hz) 

formed  in  air  at  20  °C  on  small-sized  samples  tested 
by  tension  and  bending,  as  well  as  full-scale  sam¬ 
ples  with  the  through -thickness  and  surface  cracks. 
It  was  found  that  the  parameters  of  cyclic  crack 
resistance  measured  on  full-scale  and  small  stan¬ 
dard  samples,  were  identical.  The  summarised  data 
from  all  the  testing  are  given  in  Figure  2.  Averaged 
data  on  the  crack  growth  rate,  should  be  described 
by  the  following  expression: 

da/dN  =  2.1  •  1012  (AKi)3'1, 

where  a  is  the  crack  size  by  the  depth;  N  is  the 
cycle  number;  K\  is  the  coefficient  of  stress  inten¬ 
sity. 

For  a  reliable  evaluation  allowing  for  the  scatter 
data,  it  is  recommended  to  use  the  following  ex¬ 
pression: 

da/dN  -  4.75  •  1012  (AKif\ 

where  a  is  measured  in  meters,  AK\  in  MPa*m0'5. 

Calculation-based  substantiation  of  applica¬ 
bility  of  LBB  concept  to  MCC  piping  of  WWER- 
1000  type  reactor.  Calculation  was  performed  in 
keeping  with  the  principles  of  the  procedure  of  [9] 
and  published  in  paper  [10].  The  size  of  the  pos¬ 
tulated  crack  21q  (130  mm)  for  a  specified  flow 
rate  of  3.8  1/min  of  the  heat-transfer  medium 


0  0.2  0.4  0.6  0.8  l.o  1.2  Lr 

Figure  3.  Analysis  of  the  stability  of  a  through-thickness  crack 
in  Dn  850  piping  by  the  procedure  of  R6  method  [12]:  1  — 
fracture  evaluation  curve;  2  —  load  (NOC  +  MCE);  3  —  loads 
/,  4  (NOC  +  MCE) 

through  a  through-thickness  crack  with  introduc¬ 
tion  of  a  tenfold  margin,  was  determined  for  the 
case  of  the  crack  location  along  the  axis  of  a  cir¬ 
cumferential  weld  of  Dn  850  piping.  It  was  neces¬ 
sary  to  prove  that  a  crack  of  a  length  two  times 
greater  than  the  postulated  value  (21  =  260  mm) 
maintains  its  stability  under  loads  of  the  first  cal¬ 
culated  case,  i.e.  for  the  normal  operational  con¬ 
ditions  (NOC)  and  the  maximal  calculated  earth¬ 
quake  (MCE),  as  well  as  that  the  crack  of  2/o  size 
is  stable  under  loads  of  the  second  calculated  case, 
which  are  by  1.4  times  higher  than  the  loads  in 
NOC  +  MCE. 

From  the  calculation  it  was  determined  that  in 
the  NOC  +  MCE  mode  the  axial  membrane  stresses 
are  Gm  =  64  MPa,  while  bending  stresses  are  Ot  = 
=  1 84  MPa  [11].  Calculation  was  performed  in 
keeping  with  the  first  method  of  R6  procedure  [12]. 
The  following  values  of  guaranteed  mechanical 
properties  at  350  °C  temperature  were  accepted  for 
it:  i?p0.2  =  294  MPa,  and  Rm  =  490  MPa. 

J-R  curve  for  320  °C  temperature  derived  in 
testing  compact  samples  (Figure  2)  was  used  as 
the  most  conservative  one  described  by  the  follow¬ 
ing  expression: 

/  =  0.311 -A/0705. 

The  calculation  results  demonstrate  (Figure  3) 
that  the  stability  of  the  postulated  in  the  Dn  850 
piping  weld  through-thickness  cracks  21  =  260  mm 
for  the  first  calculated  case  and  2/o  =  130  mm  for 
the  second  case,  has  been  proved. 

Evaluation  of  the  critical  length  of  the  crack 
when  a  plastic  hinge  in  the  section  of  the  cracked 
pipe  is  achieved  as  the  limit  state,  yields  2 lc  = 
=  828  mm  for  the  first  calculated  case  and  2/c  = 
-  532  mm  for  the  second  calculated  case.  One  can 
see  that  the  ratios  of  the  critical  dimensions  of  the 
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Figure  4.  An  example  of  recording  the  load-displacement  dia¬ 
gram  in  testing  ST-1T  samples  ( P  —  load,  8  —  displacement) 

cracks  to  the  dimensions  of  those  postulated  in  both 
calculated  cases,  greatly  exceed  the  criterial  coef¬ 
ficient  of  2  accepted  in  the  local  [9]  and  foreign 
[13]  codes. 

The  performed  analysis  indicated  that  the  cri¬ 
teria  of  LBB  concept  are  satisfied  for  MCC  piping 
of  WWER-1000  type  reactor. 

Mastering  the  method  of  experimental  deter¬ 
mination  of  plastic  fracture  toughness  parame¬ 
ters.  The  conclusion  on  the  suitability  of  J-R 
curves  derived  in  testing  the  compact  ST- IT  sam¬ 
ples  for  a  reliable  substantiation  of  applicability  of 
LBB  concept  to  thick  piping  joints,  formulated 
above,  necessitated  mastering  the  method  of  ex¬ 
perimental  determination  of  the  plastic  fracture 
toughness  parameters.  This  requirement  arose  from 
the  need  to  derive  guaranteed  J-R  curves  for  cer¬ 
tain  zones  of  welded  joints  of  piping  of  various 
typesizes,  for  which  the  applicability  of  LBB 
should  be  substantiated.  When  J-R  curves  of  in¬ 
dividual  zones  of  the  welded  joint  were  derived, 
their  significant  scatter  was  recorded.  Therefore,  8 
to  12  samples  are  to  be  tested  for  a  reliable  calcu¬ 
lation  of  the  lower  envelopes  of  J-R  curves  of  the 
studied  zone  at  a  certain  temperature.  The  lower 
envelope  of  the  derived  field  of  the  values  scattering 
should  be  regarded  as  guaranteed,  and  it  should  be 
used  to  determine  the  parameters  of  plastic  fracture 
toughness  by  the  crack  starting  Jc  and  growth  /o.2 
by  0.2  mm. 

The  main  difficulty  in  plotting  the  J-R  curves 
is  determination  of  the  current  length  of  the  crack. 
Analysis  of  the  existing  methods  of  its  determina¬ 
tion  showed  the  method  of  partial  unloading  to  be 
the  most  productive  and  efficient  (Figure  4).  It, 
essentially,  consists  in  that  the  compact  sample 
loaded  by  a  growing  force  is  periodically  subjected 
to  partial  unloading  in  the  plastic  region,  while 
the  change  in  the  compliance  at  unloading  is  used 
for  calculation  of  the  current  crack  length.  Know¬ 
ing  the  force  achieved  at  each  loading,  and  the 
calculated  size  of  the  crack  in  testing  one  sample 
with  an  induced  fatigue  crack,  15  to  20  points  arc 
derived  to  plot  the  sought  J-R  curve. 

A  standard  compact  sample  was  selected  for 
performance  of  such  testing.  After  inducing  the 
initial  fatigue  crack,  lateral  notches  were  made  in 
it  of  the  total  depth  of  20  %  for  stabilisation  of  the 
movement  plane  at  static  growth  of  the  crack.  Then 
the  sample  was  subjected  to  cyclic  loading  for  re¬ 


cording  the  final  dimension  of  the  static  growth  of 
the  crack  and  broken  completely. 

Calculation  of  J-R  curves  was  performed  in  a 
computer  by  a  specially  developed  program  based 
on  the  procedure  of  [14]  which  allows  for  the 
change  in  the  samples  compliance  at  unloading. 
Moreover,  the  program  envisaged  calculation  of 
/-integral  by  the  local  method  [2]  using  the  crack 
length  determined  by  the  compliance  method.  Com¬ 
parison  of  J-R  curves  calculated  by  the  methods 
given  in  [2]  and  [14]  showed  that  at  the  initial 
stage  within  the  validity  square,  J-R  curves  prac¬ 
tically  coincide,  and  then  diverge.  As  the  results 
derived  by  the  procedure  of  [14],  are  more  conser¬ 
vative,  J-R  curves  calculated  by  this  procedure  are 
given  and  compared  further  on. 

Determination  of  the  parameters  of  plastic 
fracture  toughness  of  the  welded  joint  of  the  main 
Dn  630  steam  piping.  The  procedure  of  determi¬ 
nation  of  plastic  fracture  toughness  parameters  was 
mastered  on  a  welded  joint  of  a  pipe  of  16GS  pear- 
litic  steel  of  630  mm  diameter  and  27  mm  wall 
thickness  applied  in  fabrication  of  the  main  Dn  630 
steam  piping  of  WWER-1000  type  reactor.  A  non- 
symmetrical  circumferential  weld  was  welded  on 
the  pipe  by  the  standard  technology  with  UONI 
13/55  electrodes.  Tensile  testing  of  samples  at  20 
and  300  °C  permitted  establishing  practically  the 
same  properties  in  the  circumferential  and  axial 
directions  of  the  base  metal.  The  deposited  metal, 
however,  turned  out  to  be  much  (by  almost 
1.5  times)  stronger  than  the  base  metal. 

Analysis  of  the  serial  impact  toughness  curves 
permitted  determination  of  the  critical  brittleness 
temperatures  Tc, b  of  all  the  zones  of  the  welded 
joint.  Base  metal  TCt b  values  were  equal  to  -50  °C, 
and  those  of  the  weld  and  HAZ  metal  to  -20  °C. 

Compact  ST- IT  samples  were  cut  out  of  the 
welded  joint  so  that  the  notch  passed  in  the  cir¬ 
cumferential  direction  through  the  base  metal, 
weld  metal  and  HAZ  metal  and  were  tested  at  20 
and  300  °C.  The  derived  J-R  curves  demonstrate 
a  considerable  scatter  of  the  values.  In  this  case, 
despite  a  relatively  lower  strength  of  the  weld  me¬ 
tal,  the  base  metal  has  the  highest  values  of  J-R 
curves  compared  to  those  of  the  weld  metal. 

The  values  of  J-R  curves  of  the  HAZ  metal 
take  an  intermediate  position.  With  such  a  scatter 
of  values  of  J-R  curves,  it  is  recommended  to  use 
in  practical  calculations,  the  lower  envelope  of  this 
scatter,  expressed  by  the  following  equation; 

J=AAaB  exp  (C/Aa05).  <  1 ) 

A,  B,  C  parameters  for  the  studied  zones  of  the 
welded  joint  of  16GS  steel  at  20  and  300  °C  are 
given  in  Table  1. 

Crossing  of  the  curves  of  equation  (1)  with  the 
lines  which  are  at  0.2  mm  distance  from  the  defect 
to  blunting  lines,  determined  /0.2  values  corre- 
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Table  1.  Main  parameters  of  J-R  curves  of  the  welded  joint  of  Dn  630  steam  piping  of  16GS  steel  of  WWER-1000  type 
reactor  _ 


Welded  joint  zone 

T  esting 
temperature, 

°C 

Jo. 2’  kj/m2 

Approximation  parameters  from  equation  (1) 

A 

B 

C 

Base  metal 

20 

553 

2221.0 

0.0896 

-1.3060 

300 

200 

481.2 

0.2000 

-0.4840 

HAZ 

20 

228 

688.8 

0.2350 

-0.6661 

300 

150 

242.5 

0.2591 

-0.1506 

Weld  metal 

20 

222 

598.5 

0.3249 

-0.4553 

300 

130 

252.3 

0.2207 

-0.2352 

sponding  to  the  crack  growing  by  0.2  mm  in  the 
studied  zones  of  the  welded  joint  of  16GS  steel. 

Determination  of  the  parameters  of  plastic 
fracture  toughness  of  an  austenitic  welded  joint 
of  Dn  300  and  Dn  350  piping.  A  feature  of  fabri¬ 
cation  of  Dn  300  piping  of  the  system  of  automatic 
cooling  and  protection  (SACP)  and  of  Dn  350  pip¬ 
ing  of  the  cooling  circuit  (CC)  of  WWER-1000 
type  reactor,  of  10GN2MFA  pearlitic  steel,  con¬ 
sisted  in  the  impossibility  of  applying  the  techno¬ 
logy  of  welding  with  pearlitic  welding  consumables 
developed  for  Dn  850  piping  of  MCC  of  WWER- 
1000  type  reactor.  In  Dn  850  piping  after  the  cir¬ 
cumferential  welds  had  been  made,  the  anticor¬ 
rosion  austenitic  clad  layer  was  restored  by  manual 
wel-ding  from  the  inside,  as  a  welder  could  fit  in 
there  with  the  pipe  diameter  of  850  mm,  unlike  the 
piping  of  300  to  350  mm  diameter.  Therefore,  a 
technology  of  welding  the  circumferential  welds  of 
pearlitic  pipes  from  the  outside  with  austenitic  con¬ 
sumables  was  developed  and  applied  in  fabrication 
of  SACP  and  CC  piping. 

Experimental  studies  were  performed  on  the 
material  of  a  test  pipe  of  CC  Dn  350  of  WWER- 
1000  type  reactor,  welded  by  the  standard  technol¬ 
ogy  in  the  Podolsk  Machine-building  Plant  from 
pieces  of  three  bimetal  pipes  of  foreign-made 
10GN2MFA  pearlitic  steel.  These  pipes  had  (ac¬ 
cording  to  certificate  data)  the  lowest,  intermediate 
and  highest  values  of  strength  properties  (within 
the  range  of  the  specification  requirements).  Pipe 
sections  were  welded  by  two  circumferential  welds 
(symmetrical  and  asymmetrical)  by  the  manual  arc 
process  with  austenitic  electrodes  of  EA-400/10T 
grade  after  special  two-layer  facing  of  the  pipe  sec¬ 
tion  edges. 

Samples  for  tensile  testing  at  20  and  350  °C, 
Charpy  impact  samples  and  compact  ST- IT  samples 
for  testing  at  20  and  350  °C  were  cut  out  of  the 
base  metal,  weld  metal  and  HAZ  metal  of  the  test 
pipe  and  tested. 

The  results  of  testing  standard  samples  demon¬ 
strated  the  compliance  of  the  base  metal  and  the 
metal  of  austenitic  welds  of  the  test  pipe  to  the 
specification  requirements.  Experimental  diagrams 
of  deformation  of  the  samples  in  tensile  testing  of 
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the  base  metal,  turned  out  to  be  similar  both  in 
the  axial  and  the  circumferential  direction.  There¬ 
fore,  all  of  them  were  processed  by  the  least  squares 
method  and  presented  in  the  form  of  Ramberg-Os- 
gud  diagram.  For  the  base  metal  they  have  the  form 
e  =  a  +  1  .65g~10*04  at  the  temperature  of  20  °C  and 
e  =  o  +  1.03o-10,72  at  350  °C;  for  the  weld  metal 
at  20  °C  e  =  o  +  1.90c-9’76  and  at  350  °C 
e  =  g  +  2.48g~7,82. 

The  results  of  testing  the  Charpy  samples 
showed  that  the  materials  of  the  test  pipe  also  meet 
the  specification  requirements.  The  measured  val¬ 
ues  of  impact  toughness  and  plastic  component  in 
the  fractures  of  the  tested  samples  permit  the  state¬ 
ment  to  be  made  that  the  critical  brittleness  tem¬ 
peratures  rc.b  of  all  the  three  samples  of  pipes  of 
10GN2MFA  steel  are  below  70  °C.  Compact  ST-1T 
samples  (56  pcs.)  after  inducing  fatigue  cracks  and 
making  lateral  notches  were  subjected  to  static 
loading  accompanied  by  a  12-  to  20-,fold  partial 
unloading  and  processing  by  the  procedure  de¬ 
scribed  above. 

The  derived  values  of  J-R  curves  demonstrated 
considerable  scatter.  They  were  systematised  in  six 
groups  for  each  of  which  the  lower  envelope  was 
plotted.  The  plastic  fracture  toughness  parameters 
Jc,  Jo.2  and  the  mathematical  expressions  describ¬ 
ing  the  lower  envelopes,  are  given  in  Table  2. 

The  plastic  fracture  toughness  parameters  de¬ 
rived  from  the  lower  envelopes,  express  guaranteed 
properties  of  the  studied  zones  of  the  austenitic 
welded  joint  at  20  and  350  °C  and  are  recommended 
for  substantiation  by  calculation  of  the  applicabil¬ 
ity  of  LBB  concept  to  SACP  Dn  300.  and  CC 
Dn  350  of  WWER-1000  type  reactor. 

It  should  be  noted  that  /o.2  values  given  in 
Table  2,  arc  determined  with  a  much  greater  accu¬ 
racy  than  J-R  parameters,  because  of  a  greater 
slope  of  J-R  curves  in  the  points  of  their  crossing 
the  defect  blunting  line. 

CONCLUSIONS 

1 .  A  program  of  work  on  experimental  and  design 
substantiation  of  the  applicability  of  LBB  concept 
to  Dn  850  piping  of  WWER-1000  MCC  has  been 
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Table  2.  Main  parameters  of  J-R  curves  of  a  welded  joint  on  Dn  350  pipe  of  10GN2MFA  steel  in  CC  of  WWER-1000  type 
reactor 


Welded  joint  zone 

T  esting 

temperature,  °C 

Jc ,  kf/tn2 

Jo  ■>  >  kj /in2 

Approximation  parameters  from 

equation  (1) 

A 

B 

C 

Base  metal 

20 

483 

729 

1281 

0.306 

-0.5000 

350 

190 

322 

449 

0.530 

0.0043 

HAZ 

20 

408 

523 

757 

0.264 

-0.2300 

350 

232 

410 

740 

0.045 

-0.4480 

Weld  metal 

20 

176 

274 

412 

0.321 

0.0823 

350 

59 

111 

169 

0.524 

0.0926 

put  together  and  fulfilled.  Comparison  of  the  re¬ 
sults  of  testing  full-scale  samples  with  the  through¬ 
thickness  and  surface  cracks  in  a  circumferential 
weld  with  J-R  curves  derived  in  testing  ST- IT 
compact  samples  showed  that  the  smallest  values 
of  J  at  the  same  values  of  the  crack  growth,  were 
found  for  the  compact  samples,  and  the  largest  for 
full-scale  samples  with  through-thickness  cracks. 
The  intermediate  values  are  characteristic  of  full- 
scale  samples  with  surface  cracks.  This  experimen¬ 
tal  result  permitted  recommending  the  use  of  J-R 
curves  derived  in  testing  ST- IT  samples  for  a  reli¬ 
able  substantiation  of  the  strength  of  welded  joints 
of  Dn  850  piping.  The  parameters  of  cyclic  crack 
resistance  measured  in  testing  the  full-scale  samples 
and  the  small  samples  for  tension  or  bending, 
turned  out  to  be  identical  for  the  weld  metal  and 
it  is  recommended  to  describe  their  results  by  ge¬ 
neral  dependencies. 

2.  The  calculations  performed  by  the  developed 
procedure  [9]  using  J-R  curve  measured  on  ST-1T 
samples  tested  at  320  °C  proved  the  stability  of 
cracks  postulated  for  Dn  850  piping,  while  the  criti¬ 
cal  dimensions  of  the  cracks  in  the  weld  metal  in 
relation  to  those  postulated,  essentially  exceed  the 
values  specified  by  the  codes.  Thus,  it  is  shown 
that  the  criteria  of  LBB  concept  for  MCC  piping 
of  WWER-1000  type  reactor  are  satisfied. 

3.  An  experimental  procedure  has  been  mastered 
of  plotting  guaranteed  J-R  curves  and  parameters 
of  fracture  toughness  of  the  studied  zones  of  welded 
joints,  based  on  allowing  for  the  change  in  the 
compliance  of  a  compact  sample,  measured  at  par¬ 
tial  unloading  during  the  static  growing  of  the 
crack.  The  method  was  tried  out  in  experimental 
investigation  of  the  zones  of  circumferential  welded 
joints  of  Dn  630  main  steam  piping  of  16GS  steel 
and  of  dissimilar  welded  joints  of  Dn  350  piping 
of  volume  compensators  of  WWER-1000  type  re¬ 
actor.  Guaranteed  J-R  curves  were  derived  of  the 
above  zones  of  welded  joints  at  the  room  and  wor¬ 


king  temperatures,  recommended  for  design  evalu¬ 
ation  of  the  applicability  of  LBB  concept  to 
WWER-1000  piping. 
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ABSTRACT 

Corrosion-mechanical  strength  of  welded  piping  of  nuclear  reactors  equipment  of  08Khl8N10T  austenitic  steel 
is  considered.  Numerous  circular  and  axial  crack-like  defects  were  detected,  which  initiate  and  propagate  by  the 
mechanism  of  intercrystalline  stress  corrosion  cracking.  It  is  found  that  the  main  factors  which  determine  the 
incubation  period  and  intensity  of  welded  joint  damage  are  the  level  and  nature  of  distribution  of  residual  welding 
and  service  stresses,  presence  of  the  zones  of  plastically  deformed  metal  and  composition  of  the  medium  which 
is  in  contact  with  the  inner  surface  of  the  piping. 


Key  words:  piping,  welded  joint,  crack,  strength, 
stresses,  corrosion. 


Over  the  recent  years  crack-like  defects  in  welded 
joints  of  08Khl8N10T  steel,  whose  nature  of  propa¬ 
gation  is  intercrystalline,  were  recorded  during 
NPP  operation,  alongside  with  the  damage  of  the 
equipment  components  of  austenitic  stainless  steels 
caused  by  transcrystalline  corrosion  cracking 
(TCC)  as  a  result  of  the  action  of  tensile  stresses 
and  high-parameter  water  on  the  metal  (for  in¬ 
stance,  fracture  of  the  upper  rows  of  heat  exchanger 
pipes  of  horizontal  steam  generators  of  WWER 
type  reactors,  etc.). 

The  total  time  to  appearance  of  the  found 
cracks,  which  consists  of  the  incubation  period  and 
period  of  the  initiated  crack  propagation,  is  equal 
to  7  to  10  years,  on  average.  The  minimal  time  to 
appearance  of  non-through-thickness  cracks,  re¬ 
corded  by  X-ray  inspection,  is  equal  to  approxi¬ 
mately  4  years.  Damage  is  found  in  welded  joints 
made  both  in  the  piping  manufacturing  plants  and 
under  the  conditions  of  erection  work  performance 
in  NPP.  No  differences  are  traceable  in  the  welded 
joints  susceptibility  to  appearance  of  such  defects, 
depending  on  the  piping  geometry  and  orientation 
of  welded  joints  location  in  them  (horizontal  and 
vertical  sections).  No  regularity  of  defects  deve¬ 
lopment  in  welded  joints,  depending  on  the  se¬ 
quence  of  their  welding  in  the  piping,  was  found, 
either.  Proceeding  from  all  these  data,  it  can  be 
stated  that  the  considered  crack-like  defects  de¬ 
velop  in  service. 

In  the  US  practice  the  BWR  piping  in  the 
welded  joints  of  which  such  defects  were  found  for 
the  first  time  in  1988,  was  made  of  unstabilised 
ASTM304  (08Khl8N10),  ASTM316 
(08KM6N17M3)  steels  [1].  The  piping  of  BWR 
type  reactors  in  Germany,  in  the  welded  joints  of 
which  similar  cracks  were  also  detected,  is  made 
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of  stabilised  austenitic  chromium-nickel  ASTM321 
(DIN  1.4541,  08KM8N10T),  ASTM347 

(DIN  1.4550,  08Khl8N10B)  steels  [2,  3].  These 
cracks  were  first  revealed  by  the  methods  of  NDT 
in  1991 .  A  special  program  of  monitoring  the  piping 
welded  joints  was  developed,  the  implementation 
of  which  later  on  (1993  -  1994)  resulted  in  detec¬ 
tion  of  numerous  cracks,  including  those  formed 
during  the  four  years  after  the  start  of  piping  ope¬ 
ration. 

When  considering  the  conditions  for  crack  for¬ 
mation,  it  should  be  taken  into  account  that  ac¬ 
cording  to  the  published  and  experimental  data, 
stabilised  austenitic  steels  of  08KM8N10T,  321, 
347  grades  do  not  demonstrate  any  susceptibility 
to  intercrystalline  corrosion  (ICC)  when  tested  in 
keeping  with  GOST  6032-75  or  by  the  Strauss 
method,  i.e.  they  are  not  sensitised  at  heating  speci¬ 
fied  by  these  documents  in  the  range  of  critical 
temperatures  (650  -  550  °C),  also  in  welding  dur¬ 
ing  the  short  time  when  the  metal  of  the  HAZ  stays 
in  this  temperature  range  [3,  4]. 

It  should  be  noted  that  prior  to  the  start  of  the 
reactor  operation,  all  the  piping  welded  joints  were 
subjected  to  X-ray  inspection  (according  to  OD- 
428-201,  OST  108.004.110-80).  Welded  joints 
without  cracks  or  other  defects  in  the  HAZ  were 
approved  for  operation.  Just  shrinkage  cavities 
were  found  in  the  root  part  of  some  welded  joints. 

The  results  of  investigation  of  the  damaged 
welded  joints  of  Dn  300  piping  in  the  reactors  of 
the  Kursk  and  Chernobyl  NPP  conducted  with  par¬ 
ticipation  of  TsNIITMASh  experts,  allowed  the  fol¬ 
lowing  to  be  stated: 

cracks  initiate  on  the  welded  joints  inner  surface 
near  the  fusion  line  and  propagate  for  the  distance 
of  0.7  to  1.0  mm  from  it  into  the  cross-section  and 
for  1/3  of  the  pipe  circumference  in  the  circular 
direction; 
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Figure  1.  Microstructure  of  circular  service  cracks  in  the  HAZ  of  Dn  300  welded  joint:  a  —  crack  start  (xlOO);  b,  c  -  crack 
end  (x50  and  x20,  respectively)  (reduced  by  0.75) 


visual  examination  of  the  template  with  the 
area  of  a  circular  crack  initiation  site  (15  x  30  mm 
template  from  a  welded  joint  of  Dn  300  water  le¬ 
velling  piping  (WLP)  of  the  first  reactor  of  the 
Chernobyl  NPP)  showed  that  the  crack  which  in¬ 
itiates  as  though  in  one  point  (at  1.5  mm  distance 
from  the  fusion  line  in  the  weld  root),  propagates 
,  predominantly  into  the  base  metal  and  the  weld 
metal  (to  a  smaller  degree). 

Metal lographic  investigations  made  in  TsNII- 
TMASh  confirmed  the  intercrystalline  nature  of 
propagation  of  the  circular  cracks,  found  in  analysis 
of  the  sections  at  NPP.  Their  typical  appearance 
(illustrated  by  a  template  received  from  Chernobyl 
NPP),  is  shown  in  Figure  1.  It  gives  an  idea  about 
the  nature  of  crack  propagation  in  different  areas. 

Along  the  entire  length  of  crack  propagation, 
the  HAZ  metal  is  characterised  by  coarse-grained 
structure  formed  under  the  impact  of  the  high-tem- 
perature  thermal  cycle  of  welding  (TCW)  (grain 
size  No.l),  while  the  pipe  metal  at  a  distance  from 
the  damaged  areas,  has  an  austenitic  structure  with 
grain  size  No.  8-9.  The  intensity  of  intercrys¬ 
talline  cracks  propagation  along  the  fusion  line  in- 
depth  of  the  pipe  section  and  around  welded  joint 
perimeter  and  crack  branching  lead  to  damage  of 
large  volumes  of  the  HAZ  metal. 

Fractographic  studies  of  the  fractures  made  in 
the  crack  middle  zone,  are  indicative  of  the  grain 
boundary  nature  of  such  fracture;  grain  boundaries 


are  smooth  with  traces  of  a  slight  relief.  A  some¬ 
what  distorted  grain  shape  can  result  from  micro¬ 
plastic  deformations  which  precede  fracture. 

Radiographic  analysis  of  the  oxides,  also  in  the 
crack,  showed  them  to  contain  chromium,  zirco¬ 
nium,  niobium,  cobalt  and  manganese  isotopes. 
Particles  of  a  loose  non-conducting  phase  contain¬ 
ing  zirconium,  are  also  present  in  the  oxides. 

Alongside  with  the  numerous  revealed  circular 
cracks,  in  one  of  the  studied  WLP  welded  joints 
(1987,  Kursk  NPP)  a  crack  was  found  during  tem¬ 
plate  preparation  for  metallographic  analysis, 
which  propagated  into  the  HAZ  base  metal  from 
the  fusion  line  normal  to  the  weld  (axial  crack, 
oriented  along  the  pipe  generatrix).  Further  on, 
when  special  destructive  testing  of  the  continuity 
of  the  templates  cut  out  of  welded  joints  of  Dn  300 
piping  was  conducted  (1988,  Chernobyl  NPP), 
similar  cracks  were  detected,  also  propagating  into 
the  base  metal  from  the  boundary  of  its  fusion  with 
the  weld  root  part. 

A  detailed  metallographic  investigation  of  the 
nature  of  axial  cracks  showed  that  they  initiate  in 
the  fusion  zone  and  developing  to  a  limited  extent 
in  the  metal  of  the  weld  root  part,  mostly  propagate 
into  the  base  metal  of  the  pipe  (Figure  2).  Propa¬ 
gation  of  these  cracks  in  the  base  metal  has  (similar 
to  circular  cracks)  a  branching,  pronounced  inter¬ 
crystalline  nature  with  further  development  of 
these  cracks  in  the  longitudinal  and  normal  direc- 
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Figure  2.  Microstructure  of  an  axial  service  crack  in  the  base  metal  near  the  HAZ  of  Dn  300  welded  joint:  a  —  (x320);  b  — 
(x500)  (reduced  by  0.50) 

tions.  As  a  result,  a  great  extent  and  considerable  in  the  HAZ  of  such  welded  joints  in  some  cases, 
volumes  of  intercrystalline  damage  of  the  metal  In  our  opinion,  this  should  not  be  regarded  as  an 
were  found.  indication  of  the  metal  sensitising  (in  the  generally 

Similar  to  cracks  formed  in  WLP  welded  joints,  accepted  meaning  of  this  term),  as,  according  to 
circular  cracks  arc  detected  in  welded  joints  of  the  data  of  the  same  authors,  scanning  of  grain 
bottoms  with  ducts  of  distributing  group  headers  boundaries  in  different  directions  with  simultane- 
(DGH).  These  cracks  also  propagate  along  the  ous  recording  of  X-ray  radiation  of  chromium,  did 
grain  boundaries  and  are  branching,  thus  leading  not  reveal  any  intensity  fluctuations  attributable 
to  considerable  intensity  of  metal  damage  in  the  to  lower  chromium  concentration  on  the  boundary, 
HAZ.  One  of  such  cracks  in  a  welded  joint  of  the  despite  the  presence  of  etching  pits  in  the  assumed 
bottom  with  DGH  duct  of  third  reactor  of  Kursk  sites  of  chromium  carbide  precipitation.  The  ratio 
NPP  was  460  mm  long  with  up  to  9  mm  depth  of  of  the  length  of  the  grain  boundaries  with  the  chan- 
penetration  into  the  pipe  metal  (in  the  plane  of  the  nel  structure  and  the  total  length  of  the  boundaries 
studied  macrosections),  propagating  through  the  in  the  zone  with  the  coarse-grained  structure  in  this 
pipe  thickness  along  the  fusion  boundary  at  a  dis-  case  was  13  to  20  %. 

tance  of  0.1  to  2.0  mm  from  it.  The  extensive  nature  of  damage  of  welded  joints 

The  intercrystalline  nature  of  fracture  of  Dn  300  of  Dn  300  piping  and  other  equipment  components 
piping  welded  joints  necessitated  testing  the  de-  of  various  functional  purposes,  made  of  stabilised 
fective  welded  joint  metal  for  ICC  susceptibility,  austenitic  steel  of  08Khl8N10T  grade,  in  RBMK 
Numerous  tests  by  AM  method  to  GOST  6032-75,  reactors,  as  well  as  BWR  in  Germany,  where  sta- 
as  well  as  by  PDRA  method  to  GOST  9.914-91,  bilised  austenitic  steels  of  grades  321  and  347  were 
performed  in  NPP,  TsNIITMASh  and  other  orga-  used,  similarity  of  such  cracks  initiation  in  contact 
nisations,  did  not  reveal  any  susceptibility  of  the  with  the  primary  circuit  medium,  presence  of  the 
metal  to  ICC.  incubation  period,  specific  characteristics  of  propa- 

By  the  data  of  KM  TsNII  «Prometey»,  isolated  gation  along  the  grain  boundaries  and  other  iden- 
carbide  precipitates  and  (in  a  very  narrow  zone)  tical  features  of  circular  and  axial  cracks,  are  in- 
partial  depletion  of  the  intergranular  boundaries  dicative  of  the  fact  that  initiation  and  propagation 
in  chromium,  can  be  found  on  the  grain  boundaries  of  service  cracks  proceeds  by  one  mechanism. 
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Figure  3.  Initial  condition  of  the  metal  of  Dn  300  piping  welded 
joints:  a  —  residual  stresses  in  piping  welded  joints;  b  — 
increment  of  plastic  deformations  on  the  inner  surface;  c  — 
temperature  cycles  on  the  inner  surface  in  the  root  pass  and 
subsequent  layers  /  -  5;  /  —  distance  from  inner  surface;  cs  ~ 
stresses;  N  —  bead  number;  n  —  deformation 


Cycles  of  plasto-elastic  deformation  at  the  re¬ 
actor  start-up  and  shut-down  are  superposed  on  the 
stressed-strained  state  of  welded  joint  metal  in¬ 
duced  during  welding.  In  the  operational  mode  the 
welded  joint  stresses  and  strains  preserve  all  the 
characteristic  features  of  distribution  which  were 
in  place  in  as-welded  condition;  high  tensile  stresses 
in  combination  with  the  accumulated  plastic  de¬ 


formation,  are  present  on  the  piping  inner  surface 
in  welded  joint  zone. 

Numerical  simulation  by  the  FEM  of  ther¬ 
momechanical  processes  in  multipass  welding  of 
Dn  300  piping  revealed  the  general  pattern  of  the 
initial  condition  of  welded  joint  metal,  including 
the  level  and  nature  of  the  residual  welding  stresses, 
increment  of  plastic  deformations,  and  temperature 
cycles  (Figure  3). 

The  composition  of  heat-transfer  medium  circu¬ 
lating  in  the  multiple  forced  circulation  contour 
(MFCC)  is  limited  by  the  norms  of  unadjustable 
water  regime  for  single-loop  systems  of  RBMK. 
This  is  high-purity  water  with  low  values  of  con¬ 
ductivity,  containing  practically  no  chlorides 
(<  70  mg/kg)  at  pH  6.5  (also  the  concentrations 
of  iron  of  <  50  and  of  copper  of  <  20  mg/kg  are 
rated  in  the  medium). 

Oxygen  content  in  RBMK  heat-transfer  me¬ 
dium  is  not  limited.  In  the  periods  of  normal  ope¬ 
ration,  oxygen  concentration  in  the  heat- transfer 
medium  varies  from  0.2  to  0.8  mg/kg.  In  the  pe¬ 
riods  of  scheduled  preventive  maintenance,  how¬ 
ever,  saturation  with  oxygen  can  reach  8  mg/kg. 
As  was  noted  above,  long-lived  radionuclides  of 
corrosion  origin  were  detected  both  in  the  cracks 
and  in  the  heat-transfer  medium,  in  particular  in 
WLP  of  the  separator  drum. 

Comparison  of  the  above  mentioned  features  of 
the  circular  and  axial  cracks  developing  in  welded 
joints  of  Dn  300  piping  and  other  welded  elements 
of  MFCC  of  08Khl8N10T  steel,  of  the  topography 
of  their  initiation  and  development,  intercrys¬ 
talline  nature  of  propagation,  large  scope  of  dam¬ 
age,  conditions  of  the  stressed-strained  state  of  the 
HAZ  metal,  incubation  period  before  crack  initia¬ 
tion,  contact  on  the  inner  surface  with  high-pa¬ 
rameter  water  in  operation,  taking  into  account  the 
operational  conditions  of  the  piping,  allows  the 
fracture  to  be  unambiguously  identified  as  the  pro¬ 
cess  of  intercrystalline  stress  corrosion  cracking 
(ICSCC). 

It  is  known  that  stabilised  austenitic  stainless 
steels  after  heating  in  the  critical  temperature  range 
(650  -  550  °C)  do  not  manifest  any  ICC  suscepti¬ 
bility  when  tested  at  the  potentials  of  active-passive 
transition  (by  AM  procedure  to  GOST  6032-75). 
As  a  rule,  austenitic  steels  fail  by  TCC  mechanism 
under  the  conditions  of  stress  corrosion  in  high-pa- 
rameter  water  containing  chlorides  and  oxygen,  or 
even  one  of  these  components  [5]. 

After  heating  in  the  critical  temperature  range, 
i.e.  in  the  sensitised  condition,  unstabilised  steels 
demonstrate  an  ICC  susceptibility  (when  tested  by 
AM  procedure  to  GOST  6032-75).  Under  the  con¬ 
ditions  of  stress  corrosion  in  high-parameter  water, 
these  steels  fail  along  the  grain  boundaries,  where 
they  are  depleted  in  chromium  at  the  expense  of 
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carbide  precipitation  and  different  rate  of  diffusion 
of  chromium  and  carbon  in  austenite  (ASTM304, 
ASTM316  steels,  etc.)  [6]. 

However,  soaking  of  sensitised  steels  in  high- 
temperature  water  even  with  their  considerable 
ICC  susceptibility,  does  not  lead  to  a  high  rate  of 
crack  propagation  in  overstressed  metal  —  ICC 
usually  is  not  more  than  50  pm  after  20  to  30  years 
of  equipment  operation.  By  the  data  of  laboratory 
studies  and  operation  experience,  soaking  of  sensi¬ 
tised  steels  in  pure  high -parameter  water  in  the 
presence  of  tensile  stresses,  results  in  an  increase 
of  the  intercrystalline  crack  growth  rate  up  to  1  to 
1 0  mm /year  and  this  process  is  classified  as  ICSCC 
[5].  ICSCC  usually  intensively  develops  at  stresses 
in  the  metal  exceeding  the  yield  point.  ICSCC  de¬ 
velopment  in  high-temperature  water  requires  a 
higher  level  of  tensile  stresses  in  the  metal  com¬ 
pared  to  TCC.  This  fact,  as  well  as  the  possibility 
of  ICSCC  developing  in  the  absence  of  the  specific 
medium  activators  (chlorine  ions),  arc  due  to  a 
great  contribution  of  the  mechanical  factor.  At  cor¬ 
rosion  cracking  the  mechanical  stresses  increase  the 
level  of  defects  in  the  passive  layer  of  the  metal 
and  lead  to  a  high  current  density  (up  to 
1  mA/cm2)  at  the  crack  tip. 

The  mechanism  of  ICSCC  of  unsensitised 
austenite  has  not  been  studied  so  far.  Sufficient 
experimental  data,  theoretical  prerequisites  and 
postulates  on  the  issue  are  absent.  However,  in  this 
case  the  electrochemical  nature  of  ICSCC  is  also 
obvious. 

In  steels  not  susceptible  to  ICSCC  without  load 
at  the  active-passive  transition  potentials,  tensile 
stresses  should  by  not  less  than  an  order  of  mag¬ 
nitude,  increase  the  current  density  at  the  grain 
boundaries,  which  is  little  different  from  that  of 
the  matrix  (intercrystalline)  in  the  absence  of  the 
load. 

It  is  known  that  the  stresses  somewhat  increase 
the  rate  of  stress  corrosion  cracking  of  stainless 
steels,  until  a  noticeable  plastic  deformation  of  the 
metal  has  taken  place.  In  some  studies  ICSCC  of 
unsensitised  Cr-Ni-Mo  steel  was  produced  by  in¬ 
fluencing  the  fine  structure  of  austenite  and  induc¬ 
ing  local  deformation  at  the  grain  boundaries.  The 
increase  of  the  extent  of  deformation  in  these  zones 
up  to  8  to  10  %  leads  to  regrouping  of  dislocations 
at  the  boundaries. 

In  the  work-hardened  state,  the  deformation- 
induced  defects  slow  down  the  sliding  inside  the 
grain,  its  strength  becomes  close  to  that  of  the 
boundaries,  shear  stresses  increase,  microplastic  de¬ 
formation  is  localised  in  the  near-boundary  and 
boundary  regions.  This  is  further  promoted  by  the 
role  of  grain  boundaries  as  defect  drains,  especially 
at  elevated  temperatures.  Element  segregation  in 
the  defects,  such  as  vacancies,  boundary  disloca¬ 
tions  and  pores  is  found  at  the  grain  boundaries. 


As  a  result,  in  the  highly  stressed  deformed 
austenite  metal  the  activation  and  anode  dissolu¬ 
tion  are  localised  with  a  higher  degree  of  proba¬ 
bility  in  the  region  of  the  boundaries  which  also 
have  a  poorer  chemical  resistance  because  of  impu¬ 
rities  segregation  and  a  higher  activation  energy. 
These  factors  changing  the  electronic  structure  of 
the  boundaries,  promote  ICSCC  initiation  and  de¬ 
velopment. 

The  necessary  condition  for  ICSCC  cracks  in¬ 
itiation  and  development  in  stabilised  austenitic 
stainless  steels  in  high -parameter  water,  is  a  set  of 
external  and  internal  factors  in  the  considered  me¬ 
tal-medium  system.  The  main  of  them  are  the  high 
level  of  tensile  stresses,  macro-  and  microplastic 
deformation,  microdefects  of  grain  boundaries,  me¬ 
dium  (especially  its  oxidising  properties)  and  metal 
service  conditions. 

The  causes  behind  the  process  of  ICSCC  of 
welded  joints  of  Dn  300  piping  and  DGH  bottoms 
consist  in  the  following: 

high  level  of  axial  and  circumferential  residual 
welding  stresses  and  of  accumulated  strain  creating 
a  specific  stressed-strained  state  of  the  metal; 

influence  of  the  TCW  on  the  structure  of  the 
metal  in  the  HAZ  (visible  coarsening  of  grains, 
change  of  grain  boundary  activity,  precipitation  of 
individual  carbides,  not  leading,  according  to  ex¬ 
perimental  data,  to  grain  boundaries  depletion  in 
chromium); 

the  impact  on  the  metal  of  heat-transfer  medium 
with  unlimited  oxygen  concentration  value  when 
operating  at  full  power  and  possibility  of  heat- 
transfer  medium  saturation  with  oxygen  up  to 
8  mg/kg  during  start-up  periods; 

operational  conditions  contributing  to  the  na¬ 
ture  and  level  of  the  stressed-strained  state  of  the 
metal ; 

possible  deviations  from  the  technologies  of 
multipass  welding  (overheating,  etc.),  as  well  as 
presence  of  microdefects  which  can  be  the  stress 
raisers;  absence  of  the  ferrite  phase  in  the  fusion 
zone  metal  can  be  another  factor  in  the  case  of  axial 
cracks. 

Thus,  ICSCC  of  welded  joints  of  unstabilised 
steels  of  ASTM304,  ASTM316  grades  in  BWR  pip¬ 
ing  in  the  US  NPP,  is  related  to  precipitation  of 
M23C6  chromium  carbides  under  the  thermal  im¬ 
pact  of  multipass  welding  and  boundary  depletion 
in  chromium  caused  by  this  process;  cracks  in  this 
case  develop  at  a  somewhat  greater  distance  from 
the  fusion  zone  [5,  6]. 

Corrosion-mechanical  damage  of  welded  joints 
of  Dn  300  piping  and  DGH  bottoms  of  08Khl  8N1 0T 
steel  of  RBMK  reactors,  as  well  as  welded  joints 
of  stabilised  steels  of  ASTM321 ,  ASTM347  grades 
of  BWR  piping  is  mainly  determined  by  the 
stressed-strained  state  due  to  the  residual  welding 
and  service  stresses,  and  plastic  deformation  accu- 
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Table  1.  Results  of  testing  U-shaped  samples  of  a  welded 
joint  of  pipes  of  325  diameter  and  16  mm  wall  thickness  of 
08Khl8N10T  steel  in  deionized  water  (350  °C,  16.5  MPa, 
3000  h) 


Medium 

Cracks 

Bidistillate 

ICSCC  cracking 

with  addition  of  zirconium  chips 

» 

with  addition  of  hydrazine  hydrate 

No  cracks 

mulated  in  welding.  The  second  aspect  of  ICSCC 
susceptibility  is  the  condition  of  the  boundaries  of 
grains  exposed  to  TCW  [4,  7  -  11]. 

Special  investigations  were  conducted  in  TsNII- 
TMASh  in  order  to  substantiate  the  ICSCC  con¬ 
cept. 

Tests  for  evaluation  of  the  behaviour  of 
08Khl8N10T  steel  welded  joints  were  conducted 
on  samples  cut  out  of  an  actual  welded  joint  of  a 
pipe  of  325  mm  diameter  and  16  mm  wall  thickness. 
The  weld  root  was  welded  by  manual  argon-arc 
process  with  a  filler  of  Sv-04Khl9NllM3  welding 
wire.  The  groove  was  filled  by  manual-arc  welding 
with  EA  400/ 10T  electrodes.  The  welded  joint 
was  not  subjected  to  annealing.  U-shaped  samples 
were  used,  loaded  by  the  method  of  constant  de¬ 
formation,  which  were  bent  so  that  the  stresses  in 
the  most  deformed  part  were  in  the  welding  zone. 
Tensile  bending  stresses  were  on  the  level  of  the 
yield  point,  while  bending  deformation  was  ~  75  %. 
Testing  was  conducted  in  8  1  autoclaves  at  the  tem¬ 
perature  of  350  °C  and  equilibrium  pressure  under 
the  static  isothermal  conditions.  The  corrosive  me¬ 
dium  was  deeply  desalinated  water  with  pH20  6.2  - 
6.5.  The  initial  concentration  of  oxygen  dissolved 
in  the  water  was  8.9  mg/kg.  A  series  of  tests  were 
conducted  under  the  same  conditions  in  the  reaction 
space  of  the  autoclave  in  the  presence  of  zirconium 
chips,  as  well  as  with  addition  of  hydrazine  hydrate 
to  the  bidistillate  at  the  initial  pH20  value  of  8.2. 
Examination  of  the  sample  surface  for  cracks  and 
change  of  the  solution  in  the  autoclave  were  per¬ 
formed  every  250  h  of  testing. 

Welded  joints  studied  in  deeply  desalinated 
water  (bidistillate)  under  the  conditions  of  high 
stresses,  deformations  and  rather  high  initial  con¬ 
centration  of  oxygen,  manifest  a  corrosion  cracking 
susceptibility.  Sample  fracture  was  registered  after 
soaking  for  3000  h.  A  high  rate  of  crack  propagation 
was  found  with  a  rather  long  duration  of  the  incu¬ 


bation  period.  Samples  failed  through  more  than 
2/3  of  the  thickness  (Table  1). 

Metal lographic  analysis  showed  that  cracks 
propagate  along  the  fusion  line  with  transition  into 
the  base  metal  and  are  of  a  predominantly  inter- 
crystalline  nature  (Figure  4),  i.e.  they  can  be  iden¬ 
tified  as  stress  corrosion  cracks. 

The  formed  cracks  by  their  morphology  and  na¬ 
ture  of  propagation,  are  identical  to  the  cracks 
found  in  welded  joints  of  the  actual  Dn  300  piping 
of  08 Kh  1 8N1 0T  steel ,  which  is  in  contact  with  high- 
purity  water  at  the  temperature  of  290  °C  with 
chlorine  ion  concentration  of  <  0.8  mg/kg.  Addi¬ 
tion  of  zirconium  chips  to  the  reaction  medium 
intensifies  the  process;  a  considerable  growth  of 
the  cracks  of  a  more  ramified  pattern  was  found; 
they  mostly  developing  into  the  base  metal.  Re¬ 
duction  of  dissolved  oxygen  content  at  insignificant 
increase  of  pH  value  by  addition  of  hydrazine  hy¬ 
drate  has  an  inhibiting  influence  on  the  process. 
No  cracks  were  detected  in  the  samples  during 
3000  h  of  testing. 

It  was  found  that  the  studied  welded  joints  did 
not  manifest  any  susceptibility  to  ICC  when  tested 
by  AM  procedure  to  GOST  6032-75. 

A  series  of  experiments  on  evaluation  of  resis¬ 
tance  to  stress  corrosion  cracking  in  high -tempera¬ 
ture  water  was  conducted  on  the  base  metal  of 
08 Kh  1 8N1 0T-VD  steel.  In  this  case  also  the  samples 
loaded  by  the  method  of  constant  deformation  at 
a  >  at  load  were  used  in  autoclave  testing.  Testing 
was  conducted  in  bidistillate  and  chloride  contain¬ 
ing  solutions  with  a  variable  concentration  of  chlo¬ 
rine  ions  at  the  temperatures  of  250,  280,  320  °C 
and  equilibrium  pressures.  The  initial  concentra¬ 
tion  of  oxygen  dissolved  in  the  liquid  phase  was 
8  mg/kg,  the  periodicity  of  the  samples  examina¬ 
tion  and  replacement  of  the  corrosive  medium  in 
the  autoclave  was  250  h. 

The  steel  was  tested  after  heat-treatment  at  the 
temperature  of  1050  -  800  °C  in  the  condition  not 
susceptible  to  ICC,  also  after  the  metal  exposure 
to  the  thermal  impact  of  temperatures  in  the  range 
of  350  —  750  °C  of  0.5  to  3000  h  duration. 

After  ~  3000  h  of  testing,  corrosion  cracking 
was  only  found  in  the  tangential  samples  in  the 
solutions  with  chlorine  ion  concentration  of  0.5 
and  5.0  mg/kg  at  the  temperatures  of  280,  320  °C 
and  pH20  6.5  -  6.8  (Table  2). 


Table  2.  Results  of  testing  08Khl8N10-VD  steel  for  corrosion  cracking  resistance  in  high-temperature  water  at  loading  by 
constant  deformation  method 


[Cl],  mg/kg 

pH20 

Time  to  fracUire  (testing  time),  h,  at  the  temperatures,  °C 

250 

280 

320 

- 

6.5 -6.8 

3000,  no  fracture 

3000,  no  fracture 

3000,  no  fracture 

0.5 

6.5  -6.8 

3000,  no  fracture 

2750,  cracks 

2750,  cracks 

0.5 

LO 

1 

o 

- 

- 

3000,  no  fracture 

5.0 

6.5  -6.8 

2750,  cracks 

- 

2750,  cracks 

50 

Tfe 

1  (  l  /U  1  life 
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Figure  4.  Microstructure  of  ICSCC  cracks  in  the  welding  HAZ  with  propagation  into  the  base  metal  in  testing  of  U-shaped 
samples  in  bidistillate  (a)  and  in  bidistillate  with  zirconium  chips  in  the  autoclave  space  (£>)  at  350  °C  temperature,  16.5  MPa 
pressure,  testing  duration  of  3000  h  (x550)  (reduced  by  0.60) 


A  feature  of  these  fractures  is  the  intercrys¬ 
talline  nature  of  crack  propagation,  an  essentially 
greater  localisation  of  fracture,  smaller  number  of 
crack  nucleation  sites  than  it  is  usually  found  at 
TCC,  high  rate  of  crack  propagation  (Figure  5) 
and  independence  of  the  above  factors  on  concen¬ 
tration  of  chlorine  ions  in  the  medium  and  the  test¬ 
ing  temperature. 

Testing  of  08KM8N10T-VD  steel  demonstrated 
its  susceptibility  to  delayed  corrosion  cracking  at 
deformation  in  demineralized  water  at  a  certain 
combination  of  temperature  and  concentration  of 
dissolved  oxygen.  An  extremal  dependence  of  brit¬ 
tle  fracture  on  temperature  (Figures  6,  7)  was 
found  in  the  temperature  range  of  250  to  340  °C. 


For  water  with  the  initial  concentration  of  oxygen 
of  7.5  to  8.0  mg/kg,  the  fracture  is  of  a  brittle 
deformation-free  nature  and  is  accompanied  by  for¬ 
mation  on  the  surface  of  secondary  circular  corro¬ 
sion  cracks  at  the  temperatures  of  250  to  290  °C. 
Corrosion  cracking  resistance  abruptly  increases  at 
300  °C.  In  the  range  of  320  to  340  °C  the  tempera¬ 
ture  change  does  no  influence  the  value  of  relative 
reduction  in  area,  however,  in  this  case  also  it  is 
lower  than  in  testing  in  air. 

In  the  solution  with  0.5  mg/kg  chlorine  ions 
at  oxygen  concentration  of  7.5  to  8.0  mg/ kg,  the 
dependence  of  relative  reduction  in  area  on  tem¬ 
perature  is  preserved  in  the  temperature  range  of 
intensive  lowering  of  ductility.  However,  at  320  °C 


Figure  5.  Microstructure  of  corrosion  cracking  in  U-shaped  sample  of  08Khl8N10T-VD  steel  (heat-treatment  from  (1050  + 
+  800)  °C  temperature)  when  tested  in  a  water  solution  with  0.5  mg/kg  [Cl]  and  initial  concentration  of  02  =  7.5  -  8.0  mg/kg 
at  320  °C,  11.3  MPa,  for  2750  h  (x550)  (reduced  by  0.50) 
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Figure  6.  Influence  of  temperature  on  stress  corrosion  cracking 
susceptibility  in  tensile  testing  with  a  low  straining  rate  (e  = 
=  1 .410  7  s  *)  of  08KM8N10T-VD  steel  at  the  initial  concen¬ 
tration  of  02  =  7.5  -  8.0  mg/kg:  1,2  —  heat  treatment  at 
950  and  (1050  +  800)  °C,  bidistillate;  3  —  heat  treatment  at 
950  °C,  0.5  mg/kg  [Cl]  solution 

the  presence  of  chlorine  ions  has  a  negative  influ¬ 
ence  on  the  resistance  to  delayed  corrosion  crack¬ 
ing. 

In  the  water  with  the  initial  concentration  of 
oxygen  of  3.5  to  4.0  mg/kg,  the  general  nature  of 
the  extremal  dependence  of  ductility  on  tempera¬ 


v,  % 


Figure  7.  Influence  of  temperature  on  the  susceptibility  to  de¬ 
layed  corrosion  cracking  at  deformation  of  08Khl8N10T-VD, 
08Khl8N10T  steels  and  welded  joints  in  demineralized  water 
with  the  initial  concentration  of  oxygen  of  3.5  -  4.0  mg/kg: 
1,2—  08Khl8N10T-VD,  heat  treatment  (1050  +  800)  and 
950  °C;  3  ~  5  —  08Khl8N10T  (pipe  metal)  after  different  tem¬ 
pering  modes  (650  °C,  1  h;  550  °C,  1000  h;  350  °C,  3000  h) 

ture  is  preserved  with  its  maximal  lowering  at 
270  °C.  The  interval  of  temperatures  of  brittle  frac¬ 
ture  susceptibility  is  narrowed  and  shifted  towards 
lower  values.  The  degree  of  the  medium  influence 
on  ductility  drop  is  also  essentially  lower  (Fi¬ 
gure  7). 

Metallographic  analysis  showed  that  at  tension 
with  a  low  straining  rate,  crack  propagation  in 
08Khl8N10T  steel  in  unsensitised  state  can  be  of 


Figure  8.  Microstructure  of  a  crackin  corrosion  cracking  of  08KM8N10T-VD  steel  in  the  HAZ  when  tested  for  delayed  corrosion 
cracking  at  deformation  (e  =  1.410  s  )  in  demineralized  water  (320  °C,  11.3  MPa):  a  —  initial  stage;  b  —  crack  development 
in-depth  of  the  sample  (x500)  (reduced  by  0.60) 


9-10/2000 


52 


WELDED  STRUCTURES 


intercrystalline  or  mixed  nature,  depending  on  the 
metal  condition,  medium  composition  and  parame¬ 
ters  (Figure  8). 

The  fracture  topography  indicates  that  for  the 
conditions  giving  rise  to  proneness  to  delayed  cor¬ 
rosion  cracking,  the  fracture  surface  contains  a  suf¬ 
ficient  proportion  of  brittle  fracture  and  crack  ini¬ 
tiation  sites  over  the  entire  perimeter  of  the  cross- 
section.  Fracture  in  the  crack  is  of  a  step-wise  na¬ 
ture,  flaked  fracture,  secondary  cracks  and  a  mul¬ 
titude  of  pores  are  found. 

Thus,  it  has  been  experimentally  established 
that  steels  of  08Khl8N10T  grade  in  unsensitised 
state,  can  also  manifest  ICSCC  susceptibility  in 
high-parameter  demineralised  water. 

CONCLUSIONS 

1 .  Numerous  circular  and  axial  crack-like  defects  have 
been  found  in  welded  joints  of  the  piping  of  all  the 
operating  RBMK  reactors  ( WLP  and  water  discharge 
piping,  pipe  to  bottom  joints)  of  stabilised 
08KM8N10T  austenitic  steel.  Analysis  of  the  mor¬ 
phology,  propagation  mode  and  origin  of  such  cracks 
showed  that  the  process  of  their  initiation  and  propa¬ 
gation  proceeds  by  the  ICSCC  mechanism. 

2.  The  main  factors  which  determine  the  incuba¬ 
tion  period  and  the  intensity  of  welded  joint  damage, 
are  the  level  and  nature  of  distribution  of  the  residual 
welding  and  service  stresses,  presence  of  the  zones  of 
plastically  deformed  metal  in  the  welded  joints,  fea¬ 
tures  of  the  water-chemical  composition  of  the  me¬ 
dium  contacting  the  piping  inner  surface.  Greater 
ICSCC  susceptibility  of  welded  joints  of 
08Khl8N10T  steel  is  promoted  by  structural  changes 
in  the  metal  caused  by  the  temperature  impact  of  the 
process  of  multipass  welding  (grain  coarsening,  mi¬ 
crolocal  sensitisation  at  the  expense  of  the  possible 
phase  precipitations  and  impurities  segregation  on 
the  intergranular  boundaries). 

3.  Laboratory  investigations  performed  for  sub¬ 
stantiation  of  ICSCC  mechanism  concept,  showed 
that  stabilised  stainless  steels  of  08KM8N10T 
grades  can  demonstrate  a  susceptibility  to  ICSCC 


in  high-parameter  demineralized  water  even  with¬ 
out  the  impact  of  TCW,  namely  at  a  high  level  of 
stresses  and  plastic  deformation  and  in  the  presence 
of  oxygen  in  the  metal.  Welded  joint  metal  is  more 
susceptible  to  ICSCC. 
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ABSTRACT 

Considered  are  the  methodological  principles  of  comprehensive  estimation  of  strength  and  residual  life  of  spatial 
piping  systems  containing  cracks.  The  method  suggested  consists  of  such  components  as  global  stressed-strained 
state  of  a  piping  allowing  for  all  affecting  force  factors,  allowance  for  residual  welding  stresses,  calculation  of 
stress  intensity  factors,  prediction  of  stable  forms  of  development  of  fatigue  cracks  and  inter  crystal  line  corrosion, 
estimation  of  actual  residual  life  of  a  piping  containing  defects  and  prediction  of  conditions  causing  leak  to 
fracture. 


Key  words:  piping ,  crack ,  stress,  residual  life,  leak  to 
fracture. 

Reliable  operation  of  power  generating  equipment 
greatly  depends  upon  failure-free  functioning  of 
the  piping  systems.  In  nuclear  power  engineering 
the  special  requirements  are  imposed  on  ensuring 
reliability  of  these  systems.  Primarily,  this  involves 
regular  diagnostics  of  metal  quality,  strength 
analysis  and  prediction  of  residual  life.  As  to  the 
last  two  aspects,  they  include  several  problems 
without  the  efficient  solution  of  which  it  is  impos¬ 
sible  to  obtain  the  reliable  information  on  the  actual 
state  of  a  structure. 

The  most  labour-consuming  and  least-elabo¬ 
rated  problem  is  that  of  assessment  of  the  stressed- 
strained  state  (SSS)  of  repeatedly  statically  inde¬ 
terminate  spatial  piping  systems  subjected  to  com¬ 
plex  loading.  The  existing  design  methods  based 
on  traditional  approaches  involving  force  or  finite 
element  methods  are  not  always  efficient  enough, 
because  of  a  highly  labour-extensive  procedure  used 
commonly  for  strength  analysis  of  a  long  piping 
with  complex  spatial  configuration  and  a  large 
number  of  intermediate  supports.  Friction  experi¬ 
enced  in  the  supports  leads  to  a  non-linear  state¬ 
ment  of  the  problem,  which  makes  calculations 
much  more  complicated  [1].  The  second  important 
problem  consists  in  determining  more  precisely  the 
stressed  state  within  the  zone  of  assembly  welds, 
which  always  contain  residual  stresses.  Finally, 
there  is  one  more  problem  which  is  directly  related 
to  integrity  of  the  structure,  i.e.  stress  corrosion 
cracking  of  austenitic  steels  and  growth  of  stress 
corrosion  defects  in  boiling  and  light-water  nuclear 
reactors. 
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In  the  CIS  countries,  the  problem  of  intercrys¬ 
talline  corrosion  of  the  welds  in  austenitic  steels 
has  come  to  light  only  recently.  Such  a  late  atten¬ 
tion  to  this  problem  by  leading  organizations  in 
the  field  evidences  their  lacking  knowledge  of  the 
international  experience  gained  by  date.  Thus,  in¬ 
tercrystal  line  corrosion  cracks  (more  than  1000 
cracks)  were  detected  for  the  first  time  in  the  second 
unit  of  the  «Dresden»  NPS  (USA)  in  September 
1974  [2].  In  the  USA  about  25  %  of  welded  joints 
had  indications  of  cracks  [3].  Studies  of  intercrys¬ 
talline  corrosion  in  Japan  have  been  performed  un¬ 
der  the  national  program  of  reliability  of  the  piping 
systems  since  1975  [4].  Search  for  the  improvement 
methods  for  elimination  of  cracking  generated  con¬ 
siderable  scientific  and  technical  interest  in  this 
problem  and  substantial  investments. 

It  was  found  that  primary  causes  of  corrosion 
cracking  were  as  follows:  unstable  steel  with  the 
sensitized  HAZ,  exposure  to  the  corrosive  environ¬ 
ment  and  effect  of  a  high  level  of  stresses  (both 
effective  and  residual). 

The  following  improvement  methods  were  sug¬ 
gested  as  being  most  substantiated  and  affordable: 
induction  heating  to  relieve  residual  stresses,  depo¬ 
sition  of  an  external  coating  by  welding  and  esti¬ 
mation  of  residual  life  of  defective  regions.  In  ad¬ 
dition,  replacement  of  the  piping  systems  by  the 
new  ones  made  of  steels  resistant  to  sensitization 
and  corrosion  was  offered  by  KWU  SIEMENS  as 
a  long-term  solution  to  the  problem.  One  of  the 
most  important  initiatives  under  the  US  program 
was  development  of  a  special  supplement  to  the 
ASME  Codes  concerning  procedures  for  estimation 
of  a  risk  of  defects  in  pipes  of  austenitic  steels  [5], 

The  essential  aspect  which  determines  accuracy 
of  calculations  and  reliability  of  predictions  is  the 
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quality  performance  of  the  work  on  technical  di¬ 
agnostics  of  pipings.  However,  diagnostics  of  high- 
ductility  austenitic  steels  by  the  NDT  methods  do 
not  always  allows  the  depth  of  a  defect  to  be  evalu¬ 
ated  with  a  sufficient  accuracy.  This  is  evidenced 
by  numerous  experimental  data  on  mechanical 
opening  displacement  of  actual  cracks.  In  such  cases 
the  only  method  that  can  be  used  to  evaluate  the 
shape  of  a  crack  is  prediction  of  variations  in  its 
size  by  the  stable  crack  propagation  shape.  With 
a  limited  scope  of  information  available  on  sizes  of 
defects,  the  stable  shape  method  offers  promise  for 
prediction  of  the  depth  of  a  defect,  providing  its 
length  is  known  or  vice  versa. 

Apparently,  the  problem  of  corrosion  cracking 
of  welded  joints  in  pipings  is  so  serious  that  it 
generated  efforts  on  updating  the  existing  ap¬ 
proaches  to  evaluation  of  structural  strength,  im¬ 
posing  increased  requirements  on  the  entire  «chain» 
of  the  strength  design,  starting  from  the  quality  of 
diagnostics,  estimation  of  the  global  SSS  of  a  struc¬ 
ture  and  finishing  with  prediction  of  the  develop¬ 
ment  of  a  specific  defect  with  time. 

This  work  is  an  example  of  the  integrated  so¬ 
lution  to  the  problem  of  strength  design  of  specific 
structures,  such  as  downcoming  and  pressure  pipes 
in  the  3rd  power  unit  of  the  Chornobyl  NPS,  as 
well  as  of  certification  of  the  state  and  prediction 
of  the  fatigue  life  of  each  defective  element.  As  the 
existing  codes  on  calculations  of  the  nuclear  power 
station  pipings  do  not  include  strength  design  with 
allowance  for  the  effect  of  crack- like  defects,  the 
primary  purpose  of  this  work  consisted  in  the  de¬ 
velopment  of  methodology  for  integrated  investi¬ 
gation  of  spatial  piping  systems  containing  cracks. 

Methods  of  calculations.  General  sequence  of 
calculations.  With  only  few  exceptions,  all  calcu¬ 
lations  in  this  work  associated  with  strength  design 
were  made  in  accordance  with  the  sequence  ac¬ 
cepted  in  the  Codes  [5].  All  procedures,  methods 
and  experimental  characteristics  used  were  selected 
so  that  they  provided  conservative  results  of  the 
calculations  made  in  the  following  sequence: 

calculation  of  the  global  SSS  of  a  piping.  Analy¬ 
sis  of  uncertainties  associated  with  possible  dis¬ 
placement  of  points  at  which  a  piping  is  joined  to 
pressure  vessels  or  fittings,  as  well  as  uncertainties 
which  could  be  caused  by  errors  in  estimation  of 
compliance  of  the  supports; 

more  precise  determination  of  an  actual  distri¬ 
bution  of  stresses  induced  by  effective  loads  within 
the  weld  zone  on  the  basis  of  allowance  for  residual 
stresses; 

calculation  of  stress  intensity  factors  for  semi¬ 
elliptical  cracks  with  a  circular  orientation.  Pre¬ 
diction  of  the  shape  of  propagation  of  fatigue  and 
corrosion  cracks; 

calculation  of  actual  fatigue  life  of  a  welded 
joint  with  a  corrosion  defect.  Assessment  of  a  li¬ 


miting  state  and  maximum  permissible  lengths  of 
defects.  Prediction  of  condition  of  a  leak  to  frac¬ 
ture. 

Evaluation  of  global  SSS  of  the  structure.  As 
noted  above,  evaluation  of  the  global  SSS  of  spatial 
piping  systems  by  traditional  methods  does  not  al¬ 
ways  yield  a  sufficient  accuracy.  In  this  connection, 
in  1996  the  specialists  of  the  Institute  for  Strength 
Problems  of  the  NAS  of  Ukraine  developed  a  new 
efficient  method  for  the  calculation  [6].  It  is  based 
on  a  method  of  initial  elasticity  parameters  and 
intended  for  the  calculation  of  statically  indeter¬ 
minate  three-dimensional  frame  systems.  The 
method  is  based  on  a  set  of  equations  for  displace¬ 
ment  of  the  points  of  a  rod  for  the  internal  forces 
over  the  region  of  a  known  length.  These  equations 
enable  evaluation  of  SSS  of  a  complex  piping  sys¬ 
tem  and,  at  the  same  time,  account  for  all  effective 
factors,  such  as  dead  weight,  internal  pressure,  tem¬ 
perature  gradient,  actual  rigidity  of  intermediate 
supports  and  spatial  displacements  of  structural 
members,  and  for  all  changes  in  the  pipe  axis,  both 
drastic  and  gradual  caused  by  bends. 

Evaluation  of  the  local  stressed  state  of  the 
structure.  Welding  is  a  commonly  accepted  method 
for  assembly  and  extension  of  a  piping  system,  this 
determining  a  large  number  of  circumferential 
welds  in  the  structure.  In  turn,  the  weld  is  a  po¬ 
tential  source  of  fracture,  at  least  for  three  reasons: 
properties  of  a  material  in  the  HAZ  are  different; 
because  of  design  peculiarities,  the  weld  zone  acts 
as  a  stress  raiser;  and  welding  results  in  substantial 
axial  residual  stresses. 

These  reasons  should  by  all  means  be  allowed 
for  in  strength  design.  For  quantitative  estimation 
of  the  concentration  of  stresses,  it  is  necessary  to 
calculate  elasticity  of  a  welded  joint  by  the  finite 
element  method  (FEM)  by  applying  uniform  unit 
stresses  at  infinity. 

Butt  welding  of  pipes  results  in  the  formation 
of  residual  stresses  caused  by  shrinkage  of  the 
weld,  temperature  gradient  formed  during  metal 
deposition  and  restraint  of  the  welded  joint.  The 
value  and  distribution  of  these  stresses  exert  a 
fundamental  effect  on  the  rate  of  development  of 
defects.  Sinse  the  effective  and  residual  stresses 
in  the  weld  exceed  the  material  yield  strength, 
a  non-linear  boundary  problem  of  distribution  of 
stresses  in  the  weld  zone  should  be  solved  using 
equations  of  the  theory  of  thermal  plasticity.  In 
this  work  they  are  solved  by  the  method  of  elastic 
solutions  based  on  a  mixed  diagram  of  the  FEM. 
The  length  of  a  pipe  is  set  so  that  the  edge  effect 
has  no  impact  on  the  stressed  state  of  the  weld, 
and  it  is  conservatively  assumed  for  modelling  of 
residual  stresses  that  the  weld  is  «put»  on  the 
base  metal  at  a  temperature  of  600  °C,  which 
corresponds  to  single-pass  welding. 
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The  data  obtained  from  analysis  of  the  FEM 
results  complement  well  the  global  SSS  calcula¬ 
tion  owing  to  allowance  for  distribution  of 
stresses  through  the  wall  thickness  in  the  weld 
zone  and,  thus,  make  it  possible  to  go  over  to 
analysis  of  strength  of  the  local  defect-containing 
zones. 

Structural  strength  of  welded  joints .  As  noted 
above,  the  main  factors  causing  displacement  of  a 
crack  in  welds  in  the  piping  systems  are  stress  in¬ 
tercrystalline  corrosion  (SICC)  and  vibration.  It 
is  thought  that  at  the  beginning  the  crack  is  initi¬ 
ated  and  propagated  by  the  SICC  mechanism,  and 
then,  as  it  increases  in  length,  fatigue  damage  (due 
to  vibration)  becomes  dominant,  leading  to  its 
rapid  growth.  Therefore,  the  calculations  should 
be  made  with  regard  for  the  two  fracture  mecha¬ 
nisms. 

Based  on  [7,  8],  assume  the  following  law  of 
the  rate  of  growth  of  a  corrosion  defect  expressed 
in  meters  per  second: 


da~r  vn 

Tt  ~  Ck  Kl 
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where  K\  is  the  value  of  the  stress  intensity  factor, 
MPaVrrT;  C&  and  n  are  the  material  constants. 

For  analysis  of  the  fatigue  mechanism  of  propa¬ 
gation  of  defects,  we  will  use  the  similar  law  of 
the  rate  of  their  growth  expressed  in  meters  per 
cycle  [9]: 
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where  AKi  =  K™ax  -  KjU  n  is  the  spread  of  the  stress 
intensity  factor  in  a  cycle,  R  is  the  cycle  asymmetry 
coefficient,  Cy  and  m  are  the  material  constants. 

Values  of  the  effective  stress  intensity  factors 
are  determined  by  calculations  by  the  method  of 
weighting  functions,  which  was  developed  by  the 
authors  [10,  11  ].  Its  main  point  is  that  if  a  solution 
for  Ki  under  homogeneous  loading  on  the  crack 
lips,  a  (x)  =  (this  loading  is  called  basic)  is 
known 


Ki  =  po  Vlitf  y0  (a;  w), 

where  a  is  the  set  of  parameters  characterizing 
the  shape,  size  and  coordinate  of  the  crack  front 
point  under  consideration  and  w  is  the  set  of 
geometrical  parameters  and  elastic  parameters  of 
a  crack-containing  body,  the  value  of  Ki  under 
heterogeneous  loading  can  be  calculated  from  the 
following  formula: 
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where  coefficients  p;  (z  =  0,  1,  2,  3)  and  regulating 
parameter  H  follow  the  exponential  law  of  distri¬ 
bution  of  stresses  across  the  crack  section 
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and  values  of  functions  U  (a;  w)  and  Ji  (a;  w)  are 
determined  beforehand  by  the  method  of  point 
weighting  functions  [12].  The  basic  solutions  are 
selected  in  accordance  with  [13,  14]. 

Prediction  of  the  defect  development  shape.  In 
prediction  of  propagation  of  a  crack,  of  special  im¬ 
portance  is  the  problem  of  prediction  of  the  crack 
shape.  The  conventional  assumption  proved  experi¬ 
mentally  and  in  practice  for  both  fatigue  and  cor¬ 
rosion  is  that  a  stable  crack  takes  the  shape  of  an 
ellipse.  Then,  to  predict  propagation  of  a  surface 
crack,  it  is  enough  to  consider  only  two  points,  i.e. 
the  deepest  point  and  the  point  located  on  the  sur¬ 
face.  Let  the  depth  of  the  crack  be  a  and  its  half- 
length  be  L.  Then,  according  to  (1),  the  following 
expression  will  hold  for  a  corrosion  crack: 
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where  da  is  the  increment  in  depth  of  the  crack 
and  dL  is  the  increment  in  length  of  the  crack. 
Equations  (1)  and  (3)  considered  in  combination 
allow  the  calculation  of  both  fatigue  life  and  ki¬ 
netics  of  variation  in  the  crack  shape. 

For  a  fatigue  crack,  the  shape  of  its  development 
within  a  set  field  of  stresses  can  be  calculated  using 
equation  (2): 
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If  the  dynamic  component  of  stresses  (vibra¬ 
tional)  is  assumed  to  be  much  lower  than  the  static 
one  (the  sum  of  effective  and  residual  stresses), 
equations  (4)  and  (2)  can  be  simplified  as  follows: 
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where  ic/3™  and  are  the  dynamic  and  static 
components  of  Ki,  respectively.  The  defect  deve¬ 
lopment  shape  calculated  from  equations  (3)  and 
(5)  and  determined  by  the  a/L  length  ratio  hardly 
depends  upon  the  preset  initially  small  values  <20 
and  Lo,  which  is  proved  by  numerous  experimental 
and  calculation  works  [15].  Within  the  frames  of 
the  model  under  consideration,  the  defect  develop¬ 
ment  shape  does  not  depend  upon  the  level  of  ef¬ 
fective  stresses,  although  it  is  sensitive  to  the  cha¬ 
racter  of  their  distribution. 

It  should  be  noted  that  shapes  of  actual  defects 
can  differ  fundamentally  from  the  stable  shapes, 
providing  that  the  crack  is  formed  as  a  result  of 
coalescence  of  two  or  more  initial  cracks.  As  the 
defect  coalescence  does  not  cause  an  increase  in  the 
total  depth,  and  the  length  is  equal  to  the  sum  of 
lengths  of  individual  defects,  the  depth  of  the  ac¬ 
tual  crack  cannot  exceed  that  of  the  crack  of  a 
stable  shape,  having  the  same  length.  Therefore, 
in  the  case  where  only  the  length  of  a  defect  is 
known,  the  approach  that  uses  the  notion  of  the 
stable  shapes  leads  to  concervative  estimates. 

Calculation  of  the  limiting  state.  Calculation 
of  the  limiting  state  and  selection  of  the  safety 
factors  are  an  important  complement  to  the  sug¬ 
gested  strength  design.  As  no  procedure  is  available 
in  Ukraine  for  the  calculation  of  the  limiting  state 
of  pipings  with  circumferential  cracks,  which  are 
subjected  during  operation  to  mechanical  and  ther¬ 
mal  loading,  the  calculation  was  made  using  a 
model  suggested  in  [16,  17].  The  problem  of  the 
calculation  of  the  limiting  state  of  a  pipe  with  a 
circumferential  through  or  surface  crack  is  stati¬ 
cally  determinate  and  its  solutions  can  be  found  in 
many  references.  The  advantage  of  the  suggested 
model  is  that  it  allows  for  a  decrease  in  compressive 
limiting  axial  stresses  in  the  presence  of  positive 
circumferential  stresses  due  to  internal  pressure, 
which  makes  the  model  more  conservative.  Thus, 
it  holds 
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where 


if  cp  <  71,  where  [a]  is  the  permissible  stress,  p  is 
the  internal  pressure,  while  the  dimensionless  pa¬ 
rameters  k  and  q  are  determined  from  the  values 
of  bending  moment  M  and  axial  force  N,  respec¬ 
tively, 
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Formulae  of  the  type  of  (6)  were  validated  on 
a  large  amount  of  full-scale  and  experimental  data, 
which  revealed  certain  decrease  in  the  load-carrying 
capacity  of  the  welded  joint,  as  compared  with  the 
base  metal.  Expressions  for  coefficient  2  were  de¬ 
rived  from  the  underrated  boundary  values  of  these 
results  to  concervatively  correct  external  loads  and 
take  into  account  plastic  increment  in  length  of  the 
crack  for  analysis  of  the  limiting  state  and  deter¬ 
mination  of  permissible  sizes  of  defects  [4]: 
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where  D  is  the  outside  diameter  of  the  pipe. 

In  these  calculations  permissible  stresses  were 
determined  by  dividing  aqual  to  the  value  of  ulti¬ 
mate  strength  by  safety  factor  2.5  [1]. 

Estimation  of  the  limiting  state  makes  it  possi¬ 
ble  to  employ  the  procedure  of  prediction  of  the 
fatigue  life  for  the  case  of  propagation  of  through 
cracks  to  critical  sizes  and  confirm  whether  the 
time  reserve  is  sufficient  from  the  moment  of  ap¬ 
pearance  of  a  leak  to  a  catastrophic  fracture. 

Estimation  of  the  fatigue  life  of  the  structure . 
Practical  calculations  of  the  fatigue  life  for  the  case 
of  surface  corrosion  cracks  are  based  on  integration 
of  equations  (1)  with  respect  to  the  depth  of  a 
defect,  starting  from  its  initial  value  corresponding 
to  the  actual  length  of  the  defect  and  obtained  by 
prediction  based  on  the  stable  crack  development 
shapes,  and  up  to  the  depth  equal  to  the  wall  thick¬ 
ness. 

The  estimate  of  the  residual  life  for  through- 
type  defects  can  be  obtained  in  a  similar  way.  For 
this,  it  is  necessary  to  integrate  the  same  equation 
of  the  crack  growth  rate  with  respect  to  half-length 
of  the  defect  from  its  lower  value  corresponding  to 
an  increment  in  length  of  the  defect  in  the  through 
crack  up  to  the  upper  value,  i.e.  the  critical  half- 
length  of  the  through  crack  determined  from  analy¬ 
sis  of  the  limiting  state  of  the  structure.  In  the  case 
of  the  through  defect,  it  is  referenced  to  a  maximum 
level  of  stresses  in  a  given  section  of  the  pipe,  while 
residual  stresses  can  be  neglected  as  they  are  self¬ 
balancing. 


9-10/2000 


mBKsmmimks 


»«§ | 


57 


WELDED  STRUCTURES 


Figure  1.  Appearance  of  fracture  surface  of  the  circumferential 
weld  in  Dn  300  piping 


Character  of  damages  in  welds  and  properties 
of  materials.  Peculiarities  of  propagation  of  in¬ 
tercrystalline  corrosion  cracks.  As  shown  by  the 
investigations  conducted  by  staff  members  of  the 
Chornobyl  NPS  on  circumferential  welds  cut  out 
from  pipings  of  the  3rd  unit  (the  1st  loop  pipings 
with  an  outside  diameter  of  325  mm  and  wall  thick¬ 
ness  of  16  mm),  the  intercrystalline  corrosion 
cracks  initiate  near  the  root  weld  on  the  internal 
wall  of  the  pipe  and  propagate  as  a  rule  within  the 
HAZ  along  the  fusion  line.  The  crack  initiation 
centres  arc  the  local  stress  raisers  caused  either  by 
shrinkage  of  metal  in  cooling  of  the  root  weld  or 
by  coarse  machining  marks  left  from  groove  prepa¬ 
ration  on  the  internal  surface  of  the  pipe  for  weld¬ 
ing.  Abundance  of  such  stress  raisers  present  on 
the  internal  surface  of  the  weld  and  HAZ  leads  to 
initiation  of  several  cracks.  These  cracks  are  located 
in  different  parallel  sections  of  the  pipe,  and  during 
propagation  they  often  coalesce  into  one  crack  with 
several  embryos.  As  the  moments  of  initiation  of 
these  cracks  do  not  coincide  in  time,  some  cracks 
get  ahead  of  the  others.  As  a  result,  they  coalesce 
into  one  common  avalanche  crack  having  a  sinuous 
front. 

Figure  1  shows  appearance  of  such  a  crack  and 
two  neighbouring  templates  cut  out  from  the 
welded  joint  with  a  damage.  Each  opposite  half  of 
the  template  comprises  a  mating  surface  of  the  same 
corrosion  crack  (dark,  looking  outward)  and  sur¬ 
face  of  the  crack  of  final  fracture  (light,  looking 
inward),  resulting  from  mechanical  final  fracture 
of  the  template  in  bending.  The  corrosion  crack 
surfaces  are  covered  with  a  thick  layer  of  corrosion 
deposits,  dark-brown  in  colour  and  very  radioac¬ 
tive. 

Fractography  and  metallography  of  the  crack 
surface  cleaned  from  the  corrosion  deposits  showed 
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that  the  primary  mechanism  was  intergranular  frac¬ 
ture  with  a  branched  crack  characteristic  of  corro¬ 
sion.  Certain  indications  of  fatigue  fracture,  i.e. 
fatigue  grooves  with  a  groove  spacing  of  about 
1  pm,  can  also  be  seen  in  some  locations  on  the 
fracture  surface. 

Mechanical  properties  of  materials.  Steel 
08Khl8N9T  used  for  the  manufacture  of  pipes  is 
an  analogue  of  Western  austenitic  titanium-stabi¬ 
lized  stainless  steel  AISI  321.  Chemical  analysis  of 
material  of  the  pipes  shows  that  it  meets  require¬ 
ments  of  the  regulatory  documents,  i.e.  all  relevant 
standards  and  delivery  specifications. 

Metallography  of  the  base,  weld  and  HAZ  metal 
confirms  that  in  size  of  grains  and  in  character  of 
non-metallic  inclusions  (oxides  and  silicates,  sul¬ 
phides,  nitrides  and  carbonitrides)  this  material 
also  meets  requirements  of  the  regulatory  docu¬ 
ments.  The  HAZ  contains  coarsened  grains  that 
correspond  to  point  3  ~  4,  according  to  the  ASTM 
gradation.  Standard  tensile  and  impact  toughness 
tests  on  specimens  cut  out  from  the  pipe  and  weld 
were  conducted  at  room  temperature  and  at  350  °C. 
These  tests  also  showed  an  agreement  between  ac¬ 
tual  mechanical  properties  of  the  base  and  weld 
metal  and  those  specified  by  the  regulatory  docu¬ 
ments. 

The  critical  values  of  /-integral  at  the  moment 
of  the  crack  start  and  the  kinetic  diagrams  of 
growth  of  the  fatigue  cracks  were  derived  to  evalu¬ 
ate  cracking  resistance  of  the  material  under  static 
and  cyclic  loading  at  the  above  two  temperatures 
on  the  compact  off-centre  tension  specimens 
12.5  mm  thick.  Afterwards,  these  data  were  used 
to  evaluate  the  rate  of  growth  of  the  crack,  its 
critical  size  and  residual  life  of  the  welded  joint. 

Fractography  and  X-ray  microanalysis  of  frac¬ 
ture  surfaces  of  specimens  under  cyclic  loading  re¬ 
vealed  clearly  defined  fatigue  grooves  located  at  a 
constant  spacing  corresponding  to  each  stage  of 
cyclic  loading.  This  constant  character  of  the 
groove  spacing  is  attributable  to  the  test  conditions, 
i.e.  constant  amplitude  of  the  load  at  each  loading 
stage.  In  this  case,  the  measured  groove  spacing 
related  to  the  central  region  of  the  kinetic  diagram 
of  fatigue  fracture.  Besides,  over  the  entire  range 
of  the  loads  where  the  fatigue  grooves  were  ob¬ 
served,  their  spacing  corresponded  to  an  average 
rate  of  the  crack  measured  directly  on  a  specimen 
during  the  experiment.  This  correspondence  be¬ 
tween  the  micro-rate  of  the  crack  measured  by  the 
groove  spacing  and  its  macro-rate  was  observed  at 
the  crack  rates  in  excess  of  110 ~7  m/cycle,  while 
the  measured  groove  spacing  ranged  from  0.3  [im 
to  2.0  pm. 

The  spacing  of  the  less  regular  grooves  seen  on 
the  surface  of  the  intercrystalline  corrosion  cracks 
in  welds  in  the  pipes  ranged  from  0.4  to  1.0  pm, 
this  falling  within  the  range  of  the  groove  spacing 
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measured  on  the  specimens.  This  correspondence 
might  be  regarded  as  a  proof  that  the  cyclic  com¬ 
ponent  of  stresses  in  the  pipe  has  an  effect  on  growth 
of  the  corrosion  crack,  i.e.  here  we  are  dealing  with 
superposition  of  the  processes  of  stress  corrosion 
cracking  and  fatigue  crack  growth  or,  in  other 
words,  corrosion  fatigue. 

Examination  of  the  defective  welds.  It  was 
noted  in  investigation  of  peculiarities  of  growth  of 
corrosion  cracks  that  the  path  chosen  by  a  crack 
greatly  depended  upon  its  initiation  location, 
which  in  turn  depended  upon  the  efficiency  (i.e. 
sharpness)  of  a  local  stress  raiser.  Therefore,  the 
damaged  welded  joints  cut  out  from  the  pipes  con¬ 
tained  both  cracks  propagating  in  the  HAZ  along 
the  fusion  line  and  cracks  (less  common)  growing 
into  the  weld  metal.  To  take  into  account  these 
peculiarities,  it  was  necessary,  firstly,  to  evaluate 
strength  of  the  weld  metal  and,  secondly,  estimate 
the  ultimate  fracture  load  acting  on  part  of  the 
weld  that  remained  intact. 

The  first  part  of  this  problem  was  solved  by 
cutting  out  cylindrical  tensile  specimens  from  the 
weld,  so  that  the  specimen  axis  coincided  with  a 
circumferential  direction  of  the  weld  in  the  pipe, 
whereas  the  second  part  of  the  problem  was  solved 
by  final  fracture  bend  testing  of  the  templates  cut 
out  from  the  pipe  so  that  they  contained  in  their 
centre  the  weld  damaged  by  crack.  Both  tests  were 
conducted  at  two  temperatures,  i.e.  room  tempera¬ 
ture  and  350  °C. 

The  tensile  tests  showed  that  the  weld  metal  at 
both  temperatures  had  a  higher  yield  strength  than 
the  base  metal  and  a  bit  higher  tensile  strength. 
Thus,  the  weld  metal  turned  out  to  be  stronger  and 
slightly  less  ductile  than  the  base  metal. 

The  bend  tests  of  the  templates  at  the  said  tem¬ 
peratures  showed  that  fracture  of  the  part  of  the 
template  section  not  affected  by  the  crack  was  of 
a  very  tough  character.  This  is  indicative  of  the 
fact  that  prior  to  fracture  the  intact  part  of  the 
template  secton  is  transformed  into  a  fully  ductile 
state.  The  load  Pmax  was  registered  after  testing 
each  template,  and  after  final  fracture  the  contours 
of  the  intercrystalline  corrosion  cracks  were  mea¬ 
sured  on  the  fracture  surfaces  of  the  templates. 

Maximum  stress  effective  at  the  moment  of  frac¬ 
ture  was  calculated  from  maximum  load  that  cor¬ 
responded  to  the  formation  of  a  ductile  hinge  in  a 
central  section  of  the  template  weakened  by  the 
crack.  This  stress  corresponded  to  the  level  of  ul¬ 
timate  strength  of  the  material. 

The  results  obtained  show  that  the  material  in 
the  crack-free  part  of  the  central  section  of  the 
template  preserves  its  initial  properties  and  the 
ability  to  resist  fracture  caused  by  the  loads  acting 
on  the  pipe. 

Associates  of  the  Chornobyl  NPS  obtained  very 
important  results  by  measuring  geometrical  cha- 
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Figure  2.  Dependence  of  maximum  depth  of  a  crack  upon  its 
length  on  the  internal  surface  of  the  circumferential  weld  plotted 
by  the  results  of  measurements  directly  on  the  fracture  surfaces 
of  39  welded  joints  (squares)  damaged  by  intercrystalline  cor¬ 
rosion.  Solid  lines  show  the  calculated  dependencies  correspond¬ 
ing  to  a  stable  shape  of  the  intercrystalline  corrosion  crack, 
assuming  one  crack  embryo,  for  different  levels  of  applied 
stresses:  1  —  90;  2  —  60;  3—38  and  4—0  MPa 

racteristics  of  the  intercrystalline  corrosion  cracks 
directly  on  the  exposed  fracture  surfaces,  which 
were  opened  as  a  result  of  final  fracture  of  the 
templates  (Figure  2). 

As  was  already  noted,  the  crack  front  is  very 
sinuous,  which  is  associated  first  of  all  with  a  multi¬ 
nuclei  character  of  crack  initiation,  and  probably 
with  heterogeneity  of  the  material  in  the  weld  zone. 
The  Figure  shows  dependence  of  the  maximum 
depth  of  the  crack  upon  its  entire  length  on  the 
internal  surface  of  the  weld.  Here  each  experimen¬ 
tal  point  corresponds  to  a  separate  crack.  As  it  can 
be  seen  from  the  Figure,  the  maximum  depth  of 
the  cracks  investigated  is  not  in  excess  of  12  mm, 
which  makes  3/4  of  the  nominal  wall  thickness  of 
the  pipe.  It  can  also  be  seen  that  the  shape  of  the 
crack,  which  can  be  characterized  as  the  ratio  of 
maximum  depth  amax  to  half-length  L  of  the  crack, 
i.e.  amax/L ,  varies  over  the  wide  ranges,  i.e.  0.05  < 
<  #max/T  ^  0.55.  This  is  associated  with  two  cir¬ 
cumstances:  quantity  of  embryos  in  one  crack  (the 
larger  the  quantity  of  the  embryos,  the  lower  the 
value  of  amax/L)  and  the  level  of  applied  stresses 
effective  in  the  section  damaged  by  crack  (the 
higher  the  level,  the  higher  the  rate  of  propagation 
of  the  crack  from  the  basic  embryo,  making  all 
other  embryos  less  efficient). 

Calculation  results  and  analysis.  Based  on  the 
source  data  presented,  the  complex  strength  design 
calculations  were  conducted  on  35  downcoming  and 
39  pressure  pipings  at  the  Chronobyl  NPS,  where 
discontinuities  were  detected  in  the  welds  caused 
by  SICC.  It  was  assumed  for  the  calcultions  that 
diameter  of  the  piping  was  325  mm,  wall  thickness 
was  16  mm  and  operating  pressure  was  8  MPa. 

The  calculation  of  global  SSS  of  the  pipings, 
which  was  conducted  using  the  special  software 
package,  indicates  that  the  level  of  the  calculated 
axial  stresses  for  the  most  stressed  joint  is  relatively 
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Figure  3.  Calculation  scheme  for  the  circumferential  weld  zone 
in  a  piping 

low,  i.e.  not  higher  than  130  MPa.  First  of  all, 
this  is  associated  with  a  sufficient  compliance  of 
the  intermediate  supports  and  displacements  of  the 
structural  members,  ensuring  partial  unloading  of 
the  pipings.  Failure  of  the  intermediate  support 
has  hardly  any  serious  effect  on  the  stressed  state 
of  the  piping.  The  main  contribution  to  the  stressed 
state  is  made  by  the  temperature  gradient.  The 
component  of  axial  stresses  induced  by  internal 
pressure  is  approximately  constant  and  equals 
35  MPa,  while  stresses  induced  by  dead  weight  are 
not  higher  than  20  MPa. 

The  stressed  state  within  the  HAZ  was  esti¬ 
mated  on  the  basis  of  a  non-linear  boundary  prob¬ 
lem  of  the  theory  of  thermoplasticity  solved  by  the 
FEM.  The  calculation  scheme  and  initial  geomet¬ 
rical  sizes  of  the  section  of  a  shell  are  shown  in 
Figure  3.  Note  that  the  geometry  selected  features 
the  highest  concentration  of  stresses  and  leads  to 
conservative  estimates  in  further  calculations. 

As  a  result  of  sampling,  2437  units  and  3876 
triangular  members  were  obtained. 

Results  of  the  calculations  of  distribution  of 
axial  stresses  through  the  wall  thickness  are  shown 
in  Figure  4.  The  reading  is  started  from  the  internal 
side  of  the  wall  with  thickness  designated  as  H. 

The  calculations  conducted  made  it  possible  to 
achieve  the  main  purpose  of  the  investigtions  — 
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Figure  4.  Distribution  of  stresses  through  the  wall  thickness  of 
a  pipe  for  different  levels  of  effective  stresses:  /  —  residual 
stresses;  2  -  40;  3  -  50;  4  -  55;  5  -  60;  6  -  65;  7  -  70; 
8  -  80;  9  -  90;  10  -  100;  11  -  110  MPa 
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Figure  5.  Example  of  the  stable  shape  of  propagation  of  the 
crack:  1  -  a0/L0  =  2.0;  2  -  0.666;  3  -  0.2;  4  -  0.1;  5  - 
stable  shape 

dividing  of  defects  into  dangerous  (requiring  re¬ 
pair)  and  permissible.  Methods  used  for  estimation 
of  structural  strength  and  prediction  of  fatigue  life, 
described  in  the  previous  Section,  were  algo¬ 
rithmically  described  and  a  number  of  technologi¬ 
cal  problems  were  developed,  using  the  method  of 
weighing  functions  to  determine  the  stress  intensity 
factors  and  the  stable  development  shapes  in  pre¬ 
diction  of  the  residual  life. 

An  example  of  the  stable  shapes  of  development 
of  a  defect  is  illustrated  in  Figure  5.  Dependencies 
of  variations  in  sizes  a  and  L  of  the  crack  in  cor¬ 
rosion  cracking  for  their  different  initial  values 
were  plotted  for  a  level  of  applied  stresses  equal 
to  40  MPa  with  an  account  made  for  residual 
stresses.  As  can  be  seen  from  the  Figure,  inde¬ 
pendently  of  its  initial  shape,  the  crack  takes  a 
stable  shape  after  it  propagates  to  a  depth  of  8  - 
9  mm. 

Similar  calculations  were  also  made  for  other 
levels  of  the  applied  stresses  (residual  welding 
stresses  were  assumed  to  be  identical  for  all  the 
joints,  as  the  welding  technology  was  the  same). 
Therefrom,  the  stable  shapes  of  the  crack,  a/ L, 
predicted  in  an  assumption  of  one  embryo,  were 
superimposed  on  the  experimental  data  of  Figure  2. 
Comparison  of  the  levels  of  applied  stresses  with 
a  measured  shape  of  the  crack  for  each  damaged 
joint  showed  that  in  all  cases  the  experimental 
points  of  Figure  2  were  to  the  right  from  the  pre¬ 
dicted  stable  shape  of  the  crack  (for  one  embryo) 
corresponding  to  this  joint.  This  is  attributable  to 
the  fact  that  the  majority  of  the  cracks  had  more 
than  one  embryo.  And  this  means  that  prediction 
of  the  shape  of  growth  of  a  fatigue  crack  based  on 
an  assumption  of  one  embryo  is  a  conservative  ap¬ 
proximation  to  the  estimate  of  the  residual  life  of 
the  welded  joint. 

Results  of  the  calculations  of  the  fatigue  life 
measured  in  years,  depending  upon  the  length  of 
a  defect  and  level  of  stresses,  can  most  conveniently 
be  presented  in  the  form  of  isolines  of  the  same 
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fatigue  life  (Figure  6).  Note  that  the  value  of 
0.96  H  is  assumed  to  be  a  critical  permissible  depth 
of  the  surface  crack. 

Prediction  of  propagation  of  the  through  cracks 
was  made  to  determine  the  margin  of  time  to  cata¬ 
strophic  fracture  of  the  pipe  since  the  moment  of 
initiation  of  the  through  crack.  Preliminarily,  the 
limiting  state  of  the  structure  was  evaluated  and 
the  maximum  permissible  half-lengths  of  the 
through  cracks,  depending  upon  the  level  of  the 
effective  stresses,  were  calculated.  Results  of  these 
calculations,  with  no  allowiance  for  erosion  wear, 
are  shown  in  Figure  7.  The  plot  in  Figure  7  illus¬ 
trates  very  clearly  how  large  the  lengths  of  the 
permissible  through  defects  could  be. 

It  should  be  noted  that  actual  fatigue  life  Y  for 
a  given  defect  and  a  preset  level  of  stresses  is  de¬ 
termined  by  the  following  expression: 

Y  (Lcr  =  Y  (Lcr)  -  Y  (Lin), 

where  Lcr  is  the  critical  half-length  of  the  through 
crack  determined  from  Figure  7,  and  Lin  is  the 
initial  half-length  of  the  through  defects  corres¬ 
ponding  to  a  maximum  length  of  the  surface  defect 
and  depth  of  0.96  H.  The  equations  of  the  rate  of 
growth  of  corrosion  defects  used  to  consider  the 
through  defects  are  identical  to  those  used  for  the 
surface  defects. 

CONCLUSIONS 

1.  The  efficient  methodology  has  been  developed 
for  prediction  of  integrity  of  pipings,  making  it 
possible  to  solve  a  wide  range  of  problems  arising 
in  strength  design  of  complex  piping  systems  with 
corrosion  and  fatigue  defects,  including  those  lo¬ 
cated  near  the  welds,  to  ensure  their  failure-free 
operation.  This  methodology  is  based  on  the  latest 
developments  in  the  field  of  design  of  the  SSS  of 
frame  structures,  theory  of  shells  and  FEM,  and 
on  the  mathematical  models  of  fracture  mechanics 
and  the  limiting  state  analysis. 
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Figure  7.  Calculation  of  a  critical  half-length  of  the  through 
crack  depending  upon  the  level  of  effective  stresses 

2.  The  basic  components  of  the  above  metho¬ 
dology  have  a  high  applied  importance  and  can  be 
used  independently. 

3.  Practical  application  of  this  methodology  en¬ 
abled  the  residual  life  of  members  of  80  piping 
systems  to  be  estimated.  On  this  basis  it  can  be 
concluded  whether  their  residual  service  life  could 
be  extended  or  they  require  a  repair. 
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THE  «SHELTER»  OBJECT  AT  THE  CHORNOBYL 
NUCLEAR  POWER  STATION 
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ABSTRACT 

Problems  with  structures  in  the  «Shelter»  object  at  the  Chornobyl  Nuclear  Power  Station  (ChNPS)  are  outlined. 
The  most  important  measures  intended  for  implementation  of  the  strategy  of  stabilization  of  the  «Shelter»  object 
are  indicated.  They  are  based  on  building  of  the  new  and  reinforcement  of  existing  metal  structures  by  making 
an  extensive  use  of  welding.  The  experience  gained  will  be  applied  for  further  work  aimed  at  long-term  stabilization 
of  the  « Shelter »  object. 


Key  words:  Shelter,  safety,  stabilization  measures, 
metal  structures,  welding  operations,  quality  control. 

It  is  a  well  known  fact  that  the  Shelter  was  built 
in  1 986  within  a  very  short  period  of  time  to  protect 
the  environment  from  radioactive  wastes  of  unit  4 
of  the  ChNPS  destroyed  by  the  accident.  This  ob¬ 
ject  is  unique  both  in  terms  that  it  is  extremely 
hazardous  for  the  environment  on  the  global  scale 
and  in  terms  of  construction  involving  problems 
which  are  not  peculiar  to  a  conventional  building. 
All  of  them  are  of  an  integrated  character. 

The  protective  skin  of  the  Shelter  (Figure  1)  is 
designed  so  that  it  consists  of  a  northern  cascade 
and  eastern  walls,  southern  fragment  with  a  con¬ 


crete  wall,  western  counterfort  wall  and  roofing 
(of  a  complicated  design  made  from  metal  struc¬ 
tures).  Beams  B1  and  B2  with  a  tubular  counter 
floor  placed  on  them  are  mounted  on  the  air  pits 
on  the  eastern  side  and  on  the  wall  along  axis  50 
on  the  western  side  of  the  Shelter.  The  northern 
hook  shields  are  mounted  on  the  counterforts  of 
the  northern  cascade  wall  and  beams  B1  (Figure  2). 

In  the  southern  end  the  flat  shields  are  mounted 
on  Beam  B1  and  beam  « Mammoth »  (Figure  3) 
installed  via  supports  on  the  concrete  wall  along 
axes  C  —  D.  The  southern  hook  shields  are  placed 
on  beams  «Mammoth»  and  «Octopus»  (Figure  4) 
mounted  on  the  roofing  and  consisting  of  a  heap 


Figure  1.  General  view  of  the  Shelter:  a  —  sectional  view  along  axis  L;  b  —  sectional  view  along  axis  47;  1 
B1  and  B2;  2  —  «Mammoth»  beam;  3  —  «Octopus»  beam 
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Figure  2.  Beam  B1  of  the  roofing:  A  -  general  view;  B  - 
sectional  views;  /  -  4  —  regions  with  chords  300,  500  400 
and  200  mm  wide;  5  —  horizontal  tie  pieces  on  the  top  chord 
( L  =  110X8);  6  —  vertical  tie  pieces  ( L  =  125X8);  7  — 
welded  support 


of  ruined  structures  of  the  deaeration  stack.  On  the 
western  side  there  are  western  shields  and  hook 
shields  mounted  between  the  counterfort  wall  and 
the  wall  along  axis  50. 

It  should  be  noted  that  there  exists  the  problem 
of  uncertainty  or  extreme  scantiness  of  reliable  data 
on  the  object.  In  the  majority  of  the  cases  it  is 
impossible  to  thoroughly  examine  the  actual  state 
of  structures  that  remained,  as  during  the  process 
of  elimination  of  consequences  of  the  accident  and 
building  of  the  Shelter  some  structures  were 
dropped  from  helicopters,  some  were  buried  in 


heaps  and  some  were  encased  in  concrete.  Almost 
everywhere  their  examination  is  hindered  by  radia¬ 
tion  which  is  dangerous  for  the  health. 

Building  of  new  structures  was  done  under  ex¬ 
tremely  difficult  radiation  conditions,  most  often 
with  no  direct  access  of  the  personnel  to  the  build¬ 
ing  site,  by  using  the  remote  control.  That  is  why 
the  conventional  control  was  hardly  possible.  Fur¬ 
ther  examinations  revealed  very  many  deviations 
from  the  initial  design.  For  the  same  reason  the 
majority  of  structural  members  were  joined  by  sim¬ 
ply  bringing  them  into  contact,  and  their  remaining 


b 


8000 


4000 


12000 


S3 


4000 


* 


38000 


8... -14 


4000 


4000 


8000 


120,00. 


357^. 

AV 


Figure  3.  Diagram  of  the  «Mammoth»  beam:  a  -  rear  beam  (large);  b  -  front  beam  (small);  c  -  support  near  axis  51;  d  - 
support  near  axis  41 
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in  a  permanent  condition  is  maintained  only  by 
friction  forces,  which  is  hardly  ever  practiced  under 
normal  conditions. 

The  above  peculiarities  required  investigation 
of  the  problem  of  revealing  coarse  defects.  The 
point  is  that  in  the  last  years  both  domestic  and 
foreign  specialists  have  made  sure  that  it  is  these 
defects,  as  well  as  errors  in  design,  construction 
and  operation,  that  most  often  cause  accidents  at 
building  structures. 

During  the  expert  supervision  of  the  construc¬ 
tion,  the  Designer  General,  which  was  the  All-Rus¬ 
sian  Research  and  Development  Institute  for  Ex¬ 
perimental  Technologies  in  St. Petersburg,  revealed 
and  repaired  in  1986  1 99 1  a  number  of  serious 

defect.  In  particular,  they  reconstructed  roofing  of 
the  machine  room  and  reinforced  cross  bars  of  the 
top  ceiling  of  the  deaeration  stack.  Since  1992  such 
a  supervision  has  been  performed  by  the  State  Re¬ 
search  Institute  for  Building  Structures. 

Statistical  analysis  of  the  examination  results 
led  to  a  conclusion  that  the  number  of  critical 
defects  in  structures  of  the  Shelter,  including  de¬ 
fects  missed  in  examination,  was  extremely  large. 
Based  on  analysis  of  all  available  data  and  results 
of  its  examinations,  the  Research  Institute  for 
Building  Structures  compiled  a  list  of  29  probable 
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critical  zones.  The  problem  of  stabilization  (recon¬ 
struction)  of  the  Shelter  to  ensure  its  failure-free 
operation  for  the  calculated  service  life  is  multi¬ 
factorial.  It  also  includes  the  issue  of  maintaining 
the  integrity  of  external  enclosures  without  the 
requirementtopreservethecurrentstateof  internal 
structures. 

First  of  all,  the  service  life  itself  cannot  be  in¬ 
finite,  primarily  because  of  corrosion  of  metal  under 
conditions  of  the  humid  (due  to  atmospheric  pre¬ 
cipitation)  environment.  According  to  the  available 
data  (still  very  scanty  to  date),  the  life  time  of  the 
structure  can  be  approximately  50  years.  It  is  not 
clear  either  when  the  permanent  construction  (de¬ 
signed  for  a  long-term  operation)  will  be  started 
and  how  long  it  will  take. 

Stabilization  should  be  done  first  of  all  to  those 
structural  members  the  reliability  of  which  causes 
doubts.  Further  on  the  necessity  of  realization  of 
the  preliminarily  scheduled  precautions  could  be 
revised.  In  this  case  it  should  be  borne  in  mind  that 
in  the  future  radioactive  materials  will  have  to  be 
removed  from  the  object.  The  work  associated  with 
stabilization  should  hinder  neither  removal  of  ra¬ 
dioactive  materials  nor  construction  of  a  capital 
shelter.  It  is  not  improbable  that  some  of  the  ex¬ 
isting  structures  will  be  included  into  it. 
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Preliminary  study  of  the  specific  stabilization 
works  showed  the  crucial  importance  of  their  ra¬ 
tional  technological  implementation,  which  deter¬ 
mine  to  a  substantial  degree  the  amount  of  extra 
costs,  the  reasons  for  this  being  as  follows: 

it  will  be  necessary  to  allocate  part  of  the  total 
manpower  to  do  the  radiation-hazardous  jobs,  take 
into  account  their  increase  because  of  a  psychologi¬ 
cal  effect  and  the  fact  that  the  use  of  protection 
means  will  make  the  job  more  difficult  to  do; 

it  will  be  necessary  to  estimate  an  extra  dose 
in  doing  auxiliary  operations; 

it  will  be  necessary  to  take  into  account  speci¬ 
fications  for  limitations  on  permissible  doses  per 
day,  month  and  year; 

in  many  cases  the  use  of  protective  screens  will 
be  required. 

All  this  should  be  taken  into  account  both  in 
plans  and  specifications  for  arrangement  of  works 
(they  should  be  specified  in  detail  in  flow  charts), 
and  in  a  radiation  safety  report  without  the  ap¬ 
proval  of  which  no  work  on  the  Shelter  is  permitted. 

Solving  the  above  problems,  as  well  as  some 
less  critical  one,  requires  involvement  of  a  wide 
circle  of  highly  skilled  specialists. 

In  December  1 996  the  Cabinet  of  Ministers  of 
Ukraine  issued  the  Resolution  « Measures  for  Con¬ 
version  of  the  «Shelter»  Object  into  the  Environ¬ 
mentally  Safe  System»,  which  formulated  the  main 
goal  of  the  works  —  to  remove  within  the  maximum 
short  terms  the  remaining  nuclear  fuel,  isolate  and 
bury  it  in  compliance  with  the  national  and  inter¬ 
national  standards  in  force.  This  Resolution  was 
used  as  the  basis  for  development  of  «The  Strategy 
of  Conversion  of  the  « Shelter »  Object»,  which 
clearly  stated  the  position  of  Ukraine  regarding 
conversion  of  the  object  into  the  environmentally 
safe  system. 

Works  performed  in  the  last  years  on  selection 
of  the  optimal  ways  of  ensuring  safety  of  the  Shelter 
showed  their  extreme  complexity  and  the  need  to 
use  a  step-by-step  approach.  To  solve  these  prob¬ 
lems,  it  is  necessary  to  join  intellectual  forces  and 
economical  resources  of  many  countries. 

In  1994  -  1995  the  European  Consortium  «A1- 
liance»  developed  under  the  TASIC  program  the 
feasibility  study  for  stabilization  of  the  existing 
Shelter  and  construction  of  Shelter-2.  As  indicated 
by  results  of  this  work,  construction  of  the  new 
Shclter-2  is  a  project  which  is  too  expensive  for 
Ukraine. 

The  International  Chornobyl  Fund  was  estab¬ 
lished  to  provide  financial  support  to  the  project. 
In  December  1995  the  European  Commission  and 
Ukraine  signed  the  «Memorandum  of  Under¬ 
standing  ...»  which  was  later  agreed  upon  by  the 
G7  countries.  The  international  group  of  experts 
was  formed  in  1996.  The  group  includes  experts 
from  the  European  Union,  USA,  Japan,  Ukraine 


and  Russia.  Under  the  TASIC  nuclear  safety  pro¬ 
ject  «Chornobyl  Unit  4.  Short  and  Long  Term 
Measures»,  this  group  accomplished  analysis  and 
optimization  of  technical  solutions  and  worked  out 
the  « Recommended  Course  of  Actions»  to  describe 
the  basic  concept  of  handling  the  problems  regard¬ 
ing  the  short  and  long  term  stabilization. 

Later  on,  based  on  the  already  accomplished 
works,  on  February  11,  1997,  in  Washington,  DC, 
the  G7  nuclear  safety  work  group  (G7-NSWG)  in 
collaboration  with  representatives  of  Ukraine  de¬ 
cided  to  develop  a  plan  for  realization  of  short  and 
long  term  measures. 

The  stabilization  strategy  has  become  the  sub¬ 
ject  of  detailed  discussions.  In  development  of  the 
plan  of  the  immediate  measures  regarding  the  re¬ 
vealed  29  critical  zones,  the  comprehensive  analysis 
and  computations  based  on  the  use  of  decreased 
loads  (for  an  operation  term  of  15  years)  resulted 
in  reducing  the  above  list  to  15  zones: 

control  of  beams  B1/B2  along  axes  50G  and 

5°p; 

reinforcement  of  the  western  fragment  of  the 
Shelter  (counterfort  wall  and  wall  along  axis  50); 

stabilization  of  the  frame  of  the  deaeration 
stack; 

reinforcement  of  the  air  pits; 
reinforcement  of  the  northern  wall  along  axis 
R  and  its  connection  to  the  northern  hooks; 
joining  of  the  southern  shields  to  each  other; 
joining  of  the  southern  hook  shields  to  each 
other; 

joining  of  the  southern  hook  shields  to  the 
southern  shields; 

joining  of  the  northern  hook  shields  to  each 
other; 

securing  of  the  northern  shields  to  beam  B1 
using  cross  pieces; 

joining  of  the  northern  hook  shields  with  the 
counterfort  wall  using  fixation  anchors; 

setting  the  southern  flat  shields  against  the  wall 
along  axis  50; 

joining  the  disks  of  the  northern  and  southern 
hipped  plates  via  the  tubular  counter  floor  member; 

reinforcement  of  the  western  support  of  the 
« Mammoth »  beam; 

setting  the  southern  hook  shields  against  the 
machine  room  walls. 

Fulfillment  of  the  immediate  measures  should 
be  done  by  construction  of  the  new  and  reinforce¬ 
ment  of  existing  metal  structures  by  making  an 
extensive  use  of  welding  operations  (Figure  5). 

Defects  in  supports  B1  and  B2  were  repaired 
(safety  supports  on  the  western  side  were  con¬ 
structed  and  missing  tie  pieces  in  the  cantilever  of 
southern  beams  B1  were  installed)  and  the  venti¬ 
lation  duct  was  reinforced  in  the  selected  critical 
zones.  Reinforcement  of  the  supports  of  beams  B1 
and  B2  is  schematically  shown  in  Figure  6. 
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Figure  6.  Reinforcement  of  supports  of  beams  B1  and  B2  along  axes  50P  and  50G:  1  —  beam  Bl;  2  —  beam  B2;  3  —  reinforcing 
member 


Flow  charts  were  developed  for  performing 
welding  operations.  The  works  indicated  in  the 
flow  charts  include: 

preparation  of  welding  consumables  and  equip¬ 
ment; 

removal  of  dust  from  the  welding  operations 
sites; 

performance  of  welding  operations; 
inspection  of  welded  joints; 
repair  of  defects  in  welds; 
corrosion  protection  of  the  weld  regions. 


The  general  preparatory  work  includes: 
training  of  welding  operators  and  inspectors 
(flaw  detection); 

training  of  welding  engineers,  supervisors  and 
work  managers; 

input  control  of  base  materials  and  welding  con¬ 
sumables; 

control  of  quality  of  structures  to  be  welded; 
inspection  of  condition  of  welding  equipment; 
use  of  control  and  measurement  instruments, 
devices  and  equipment. 


9-10/2000 


67 


WELDED  STRUCTURES  - 

Training  of  personnel  involved  in  doing  welding 
operations  and  inspection  of  welded  joints,  as  well 
as  work  managers  was  done  in  compliance  with  the 
approved  training  programs.  The  programs  were 
worked  out  on  the  basis  of  the  regulatory  and  tech¬ 
nical  documents  and  requirements  specified  in  Sec¬ 
tion  5  of  the  Instruction  «Radiation  Safety  Regu¬ 
lations  in  Performing  the  Works  on  the  «Shelter» 
Object,  6E-OU». 

Welders  qualified  for  performing  welding  ope¬ 
rations  in  accordance  with  DNAOP. 0.00-1 .16-96 
« Welders’  Qualification  Regulations»  were  in¬ 
volved  in  performing  welding  and  inspection  of 
welded  joints. 

The  input  control  of  the  quality  of  base  mate¬ 
rials  and  welding  consumables  was  carried  out  ac¬ 
cording  to  requirements  of  the  flow  charts  to  de¬ 
termine  their  compliance  with  working  drawings, 
certificates,  standards  and  delivery  specifications. 

Based  on  comprehensive  analysis  and  study  of 
available  welding  processes  using  different  types 
of  automatic  and  semi-automatic  devices,  which 
were  recognized  as  unsuitable  for  the  purpose  be¬ 
cause  of  the  too  labour-extensive  maintenance  of 
the  equipment  under  the  high  radiation  conditions, 
the  necessity  of  using  manual  methods  to  complete 
welding,  and  because  of  a  highly  complicated  con¬ 
figuration  of  structural  members,  the  method  of 
choice  was  manual  electric-arc  welding  using  co¬ 
vered  electrodes. 

Large  dimensions  and  heavy  sections  of  the 
members  welded  imposed  special  requirements  on 
the  quality  of  welded  joints. 

The  works  were  preceded  by  a  period  of  training 
and  optimization  of  all  technological  operations 
using  a  welding  simulator  which  was  built  for  the 
purpose  in  the  «clean»  zone  of  Chornobyl. 

Welding  operations  were  performed  in  the  fol¬ 
lowing  sequence: 

a  team  (welder  and  supervisor),  being  in  a  pro¬ 
tected  box,  received  an  instruction  from  the  work 
manager  to  make  a  weld  according  to  the  approved 
flow  chart,  as  well  as  the  information  on  the  work 
done  by  a  previous  team; 

the  welder  and  supervisor  put  on  respiratory 
organs  protection  means,  switched  on  individual 
radio  sets,  checked  performance  of  the  latter  and 
moved  from  the  protected  box  to  the  erection  site; 

the  welder  went  downstairs  to  the  shields  of 
the  counter  floor  with  biological  protection  and 
fixed  himself  at  the  work  place  using  the  safety 
belt.  The  supervisor  switched  on  the  welding  equip¬ 
ment  and  the  ventilation  device  on  command  given 
by  the  welder; 


the  welder  was  working  in  the  field  of  view  of 
the  supervisor; 

on  a  command  given  by  the  work  manager  from 
the  protected  box,  the  welder  stopped  the  work 
and  the  supervisor  switched  off  the  equipment,  then 
the  welder  cleaned  the  weld  from  slag; 

the  welder  and  supervisor  left  the  work  place, 
switched  off  the  equipment  and  ventilation  device, 
took  off  the  respiratory  organs  protection  means, 
put  them  into  a  plastic  bag  and  went  out  to  the 
protected  box; 

the  welder  reported  to  the  work  manager  on  the 
amount  of  the  weld  he  made; 

the  inspector  came  downstairs  to  the  shields  of 
the  counter  floor  with  biological  protection  and 
fixed  himself  there  using  the  safety  belt,  remaining 
in  the  field  of  view  of  the  supervisor,  then  he  visu¬ 
ally  examined  the  weld  or  its  region; 

on  a  command  given  by  the  work  manager  from 
the  protected  box  the  inspector,  upon  examination 
of  the  weld,  stopped  the  work  and  left  the  work 
place  together  with  the  supervisor; 

the  supervisor  reported  to  the  work  manager  on 
the  amount  and  results  of  the  weld  inspection. 

In  the  case  of  detecting  defects  in  the  weld  or 
its  regions,  the  work  manager  gave  an  appropriate 
instruction  to  the  special  repair  staff,  which  con¬ 
sisted  of  erectors  or  highly  skilled  welders. 

Regions  of  the  welds  containing  defects  were 
cut  out  by  grinding  machines  equipped  with  abra¬ 
sive  wheels.  Then  followed  the  works  aimed  at 
removal  of  defects  in  the  welds. 

Upon  completion  of  welding,  the  welded  joints 
were  subjected  to  corrosion  protection  by  painting 
using  sprayers. 

The  level  of  radiation  at  the  work  places  and 
duration  of  the  works  were  controlled  by  the  Shel¬ 
ter  radiation  control  staff. 

Sequence  of  welding  operations,  change  of  the 
teams  of  welders  and  supervisors  were  checked  by 
the  work  manager.  Communication  between  par¬ 
ticipants  in  the  works  performed  on  beams  and  the 
work  manager  was  done  via  radio  sets. 

Industrial  TV  cameras  installed  at  different  an¬ 
gles  displayed  the  entire  course  of  the  works  on 
the  work  manager’s  monitor  which  was  located  in 
the  «clean»  zone  room.  The  course  of  welding  ope¬ 
rations  was  watched  from  a  separate  monitor  by 
the  staff  getting  prepared  to  come  out  to  the  Shelter 
roofing. 

The  experience  gained  will  be  used  for  perform¬ 
ing  the  works  in  all  critical  zones  and  for  the  long¬ 
term  stabilization  of  the  Shelter. 
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DETERMINATION  OF  CYCLIC  LIFE  OF  STRUCTURE 
ELEMENTS  IN  ARRESTING  FATIGUE  CRACKS 

V.V.  KNYSH 

The  E.O.  Paton  Electric  Welding  Institute,  NASU,  Kyiv,  Ukraine 


ABSTRACT 

Method  of  calculated  determination  of  a  cyclic  life  of  structure  elements  with  propagating  fatigue  cracks  at  their 
arresting  by  an  artificially-induced  field  of  residual  compressive  stresses  ahead  of  tips  of  these  cracks  has  been 
developed  on  the  basis  of  approaches  of  fracture  mechanics. 


Key  words :  fatigue  crack ,  crack  arresting,  residual 
stresses,  cyclic  life,  stress  intensity  factor,  effective  range. 

The  well-founded  application  of  methods  of  an  ar¬ 
tificial  inducing  of  residual  compressive  stresses 
ahead  of  a  fatigue  crack  tip  to  arrest  it  in  a  structure 
welded  element  requires  a  creation  of  methods  of 
a  calculated  estimation  of  effectiveness  of  these 
methods.  This  estimate  will  make  it  possible  to 
determine  the  most  rational  fields  of  application 
of  different  structures,  and  also  to  optimize  their 
parameters  depending  on  an  initial  length  of  a  fa¬ 
tigue  crack,  characteristics  of  a  cycle  of  an  alter¬ 
nating  load  and  material  properties.  In  this  aspect, 
the  method  of  a  calculated  determination  of  a  cyclic 
life  of  the  structure  elements  with  propagating  fa¬ 
tigue  cracks  at  artificially-induced  residual  com¬ 
pressive  stresses  ahead  of  the  crack  tip,  is  most 
rational. 

Experimental  investigations  showed  the  signifi¬ 
cant  increase  in  life  of  the  specimens  with  fatigue 
cracks  after  using  different  kinds  of  treatment  for 
inducing  residual  compressive  stresses  ahead  of  the 
crack  tip.  In  addition ,  the  growth  of  a  fatigue  crack 
is  essentially  decreased  with  next  increase  in  its 
values,  which  in  both  cases  correspond  to  a  linear 
(Perisovsky)  region  of  the  fatigue  fracture  diagram. 
Such  kinetics  of  the  fatigue  fracture  of  the  structure 
elements  considered  allows  the  approaches  of  a  li¬ 
near  mechanics  of  fracture  to  be  used  in  the  deve¬ 
lopment  of  a  method  of  a  calculated  determination 
of  their  cyclic  life. 

It  is  known,  that  ahead  of  the  propagating  fa¬ 
tigue  crack  the  so-called  reversible  zone  of  plastic 
deformation  is  formed,  whose  size  is  much  smaller 
than  the  length  of  the  plastic  deformation  zone, 
which  corresponds  to  a  static  loading.  Size  of  the 
«reversible>>  zone  undergone  a  plastic  yielding 
which  alternates  due  to  load-unload  half-cycles, 
can  be  presented  for  alternating  tensile  stresses  in 
the  form  [  1  ] 


rP  2n 


A K 
2  av 


where  A K  is  the  range  of  the  stress  intensity  factor 
(SIF). 


The  residual  compressive  stresses  o^,  which  are 
artificially  induced  ahead  of  a  tip  of  2/o  long  fatigue 
crack,  promote  a  restricted  developing  of  the  plastic 
deformation  ahead  of  a  crack  tip  and,  thus,  influ¬ 
ence  the  size  of  the  «reversible»  zone  of  the  plastic 
deformation  by  its  diminishing.  In  this  case  the  size 
of  the  «reversible»  zone  is  suggested  to  be  calcu¬ 
lated  by  a  relation  in  the  form 
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(1) 


where  AKeff  =  Kmax  -  Kop  is  the  effective  range  of 
SIF  of  a  cycle  of  alternating  load  for  a  preset  crack 
of  2/o  length. 

In  earlier  investigations  [2]  the  expression  for 
AKeff  was  established  in  the  form 


AKeff  =  exp 


X(Rg-  0.5) 
m~  i 


A K, 


(2) 


where  A K  =  Kmax  -  Kmin  is  the  range  of  SIF  of  a 
cycle  of  alternating  load  with  asymmetry  Ka;  X  and 
m~ i  are  the  material  constants. 

If  the  artificially-induced  residual  compressive 
stresses  do  not  arrest  the  crack  ahead  the  fatigue 
crack  tip,  but  only  minimize  the  rate  of  its  growth, 
then  at  maximum  value  SIF  of  a  cycle  of  alternating 
load  Kmax  the  crack  is  open.  In  addition,  the  size 
of  the  zone  of  the  plastic  deformation  ahead  of  a 
tip  of  the  arresting  fatigue  crack  is  determined  by 
a  relation  (1)  taking  into  account  the  formula  (2). 

To  calculate  the  effective  SIF  range  of  a  cycle 
AK^ff  that  corresponds  to  arresting  the  fatigue  crack 
induced  ahead  of  its  tip  by  the  field  of  compressive 
stresses  <$y,  let  us  consider  a  model  of  the  crack 
growth  given  in  Figure  1 . 
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Figure  1.  Model  of  fatigue  crack  growth  in  the  field  of  residual 
compressive  stresses,  artificially-induced  ahead  of  the  crack  tip 


Let  assume  that  the  crack  of  an  effective  length 
2(/o  +  rp)  (where  Iq  —  a  half-length  of  arresting 
fatigue  crack;  rp  —  «reversible»  zone  of  plastic 
deformation)  is  located  in  a  finite  elastic  plate  and 
nonhomogeneous  compressive  stresses  <fry  ( x )  are 
acting  ahead  of  its  tips.  Here,  the  elastic  plate  is 
subjected  to  the  action  of  alternating  stresses 
(range  Ag  =  omax  ~  Gmin  with  a  cycle  asymmetry 
Re,  =  tfmin/amax),  which  are  directed  normal  to 
the  crack  plane,  while  towards  the  lips  of  cracks 
at  the  regions  equal  to  rp  near  its  tips  the  forces 
Q(x )  are  applied  which  are  directed  opposite  the 
acting  alternating  stresses.  Within  the  scope  of 
mentioned  model  conceptions  we  can  write  the  fol¬ 
lowing  relation  for  calculation  of  value  of  maxi¬ 
mum  SIF  of  cycle  /Cmax,  assuming  Q(x )  equal  to 
the  material  yield  strength,  ay,  according  to 
Leonov-Panasyuk  approach  [3] 


Figure  2.  Sample  for  experimental  estimation  of  effectiveness 
of  a  local  explosion  treatment  in  arresting  the  fatigue  crack 

AKeff  Go)  =  ^max  ^  ^  (A)  +  rp6)  ~ 


2oy  V 


/n  +  r 


pO 


arccos 


^0 

4)  +  rp0 


(3) 


-^•max  “  ^max  V  7C  (/q  +  Tp q) 

^  \i  ^ 0  ^ pO  ^0 

-  2  Gv  V  — arccos  - - . 

y  %  k  +  rp  o 

The  calculated  value  SIF  of  a  cycle  of  alterna¬ 
ting  load  of  the  preset  asymmetry  Rc  which  corre¬ 
sponds  to  the  moment  of  opening  the  fatigue  crack 
K0 p  will  be  calculated  on  the  basis  of  using  the 
model  of  G.I.  Barenblatt  [4].  By  assuming  in  the 
mentioned  model  that  the  cohesive  forces  at  the 
crack  tip  Q(x)  =  2ay  +  Gry  and  by  presetting  the 
zone  of  their  action  a  =  rp o,  and  after  calculating 
the  appropriate  integral,  we  shall  obtain 


iC, 


op 


2  V  ^  (2a. 


y  +  °>y) 


Thus,  the  model  of  effective  crack  considered 
(Figure  1)  makes  it  possible  to  calculate  the  effec¬ 
tive  range  of  SIF  of  the  cycle  AKeff  for  the  fatigue 
crack  of  length  2/o  which  takes  into  account  the 
residual  compressive  stresses  acting  ahead  of  the 
crack  tip.  The  appropriate  calculating  formula 
takes  the  form 


-  2  V  (2Gy  +  ocry). 

It  is  assumed  that  the  effective  range  of  SIF 
A^eff(4>)>  calculated  from  the  expression  (3),  de¬ 
termines  the  kinetics  of  the  fatigue  fracture  at  grow¬ 
ing  the  fatigue  crack  from  2/o  to  2(/o  +  rp o).  Here, 
the  calculation  of  a  proper  quantity  or  cycles  of 
stress  changes,  required  for  the  mentioned  growing 
the  fatigue  crack  is  made  on  the  basis  of  a  kinetic 
fatigue  fracture,  suggested  in  [2].  Substituting  the 
value  of  effective  range  of  SIF,  calculated  from 
(3),  in  the  used  equation  of  a  crack  propagation, 
and  fulfilling  the  necessary  transformations,  we 
shall  obtain  the  calculated  value  of  life  No  in  the 
form 


No  = - - ,  (4) 

C-!  elS'-[AKlff  mnL' 

where  C-i,  m~\  and  X  are  the  material  constants 
determined  during  tests  on  cyclic  crack  resistance 
of  reference  samples  [5].  During  growing  the  ar¬ 
resting  crack  from  the  beginning  of  its  arrest  (21q 
crack  length)  until  the  complete  intersection  of  the 
zone  of  distribution  of  residual  compressive  stresses 
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Figure  3.  Diagram  of  distribution  of  residual  compressive 
stresses  induced  ahead  of  the  fatigue  crack  tip  by  a  local  explo¬ 
sion  treatment 


with  a  crack  (24),  the  appropriate  calculated  value 
of  a  cyclic  life  is  determined  by  the  formula 


k 

v  =  N0  +  X 
1=1 


„  1.5X 

C— \  6 

AiC^ff 

i=\  _ 

(  \ 
k  +  L  rpj 

l  *>  ). 

Suggested  method  of  a  calculated  estimation  of 
a  cyclic  life  was  tested  on  the  base  of  experimental 
data  of  acyclic  crack  resistance  of  steel  St.  3  (killed) 
(cy  =  296  MPa,  at  =  476  MPa)  after  arresting  the 
fatigue  crack  using  the  explosion  treatment. 

Flat  samples  were  tested  (Figure  2)  with  a  fa¬ 
tigue  crack  of  a  half  length  Iq  =  41.5  mm  at  axial 
from-zero  cyclic  loading.  Ahead  of  the  crack  tips 
the  field  of  residual  compressive  stresses  was  in¬ 
duced  using  a  local  explosion  treatment  technology 
suggested  at  the  E.O.  Paton  Electric  Welding  In¬ 
stitute. 

The  appropriate  diagram  of  distribution  of  re¬ 
sidual  compressive  stresses  ahead  of  a  crack  tip  is 
given  in  Figure  3.  It  is  seen  from  the  Figure  that 
the  maximum  compressive  stress  reaches  values 
close  to  0.6  ay  of  material .  After  the  local  explosion 
treatment  the  sample  was  tested  on  a  cyclic  crack 


/,  mm 


0  50000  100000  150000  200000  N,  cycles 

Figure  4.  Dependence  of  a  length  of  arresting  fatigue  crack  on 
a  number  of  cycles  of  alternating  load 

resistance  at  from-zero  axial  loading  with  maximum 
stresses  of  cycle  in  a  net  section,  equal  to  155  MPa. 

Figure  4  presents  the  experimental  data  (cir¬ 
cles)  and  calculated  values  (solid  line)  of  depen¬ 
dence  of  the  length  of  arresting  fatigue  crack  on 
the  number  of  cycles  of  the  alternating  load.  The 
necessary  characteristics  of  cyclic  crack  resistance 
of  steel  St. 3  (killed)  for  a  calculated  determination 
of  the  life,  were  taken  equal  to  C- \  -  0.73- 10-13, 
m- 1  =  3.96  and  X  =1.1,  according  to  data  of  [5]. 
Comparison  of  obtained  calculated  values  of  life 
with  experimental  data  (Figure  4)  shows  their  sa¬ 
tisfactory  correlation  during  the  propagation  of  the 
fatigue  crack  from  its  half-length  /o  =  41.5  mm 
(beginning  of  crack  arresting)  and  up  to  a  half- 
length  /o  =  57  mm  when  the  crack  intersects  com¬ 
pletely  the  zone  of  distribution  of  residual  com¬ 
pressive  stresses  which  arrest  its  growth. 
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ABSTRACT 

Results  of  application  of  methods  of  holographic  interferometry,  electron  speckle-interferometry  and  shearography 
for  nondestructive  quality  control  and  determination  of  residual  stresses  in  elements  and  members  of  the  welded 
and  adhesion-bonded  structures  made  of  metallic  and  nonmetallic  materials  are  presented.  To  make  diagnostics 
of  structures,  the  compact  holographic  schemes  and  devices  have  been  designed  and  manufactured  with  the  help 
of  which  the  local  fields  of  displacements  and  deformations  in  the  zones  of  defects  and  relaxation  of  residual 
stresses  are  recorded.  Examples  of  diagnostics  of  aircraft  and  machine-building  structures  using  the  holographic 
interferometry,  electron  speckle- interferometry  and  shearography  are  given. 


Key  words:  holographic  interferometry,  electron 
speckle-interferometry,  shearography ,  nondestructive  testing, 
residual  stresses,  computer  processing . 

Assurance  of  the  high  quality  of  structures  is  one 
of  the  most  important  scientific-technical  prob¬ 
lems,  whose  importance  is  growing  with  making 
structures  more  complicated.  This  problem  is  many- 
sided  and  solved  in  several  directions.  Among  them, 
the  responsible  role  belongs  to  the  development 
and  spreading  of  the  advanced  methods  and  equip¬ 
ment  for  NDT,  and  also  to  the  determination  of 
residual  stresses,  whose  effectiveness  depends,  first 
of  all,  on  their  adequacy  and  efficiency. 

In  industry  the  radiographic,  ultrasonic,  mag¬ 
netic,  eddy-current  and  other  NDT  methods  are 
widely  used.  The  advanced  research  centres  develop 
and  implement  new  methods  of  the  quality  control 
and  determination  of  residual  stresses  of  different 
products  and  materials.  Integral  methods  of  control 
which  combine  several  methods  are  very  challeng¬ 
ing.  New  feasibility  for  diagnostics  of  structures 
consists  in  using  methods  of  optical  holography, 
electron  speckle-interferometry  and  shearography. 

The  method  of  the  holographic  interferometry 
is  used  in  different  branches  of  industry.  Its  prin¬ 
ciple  is  based  on  the  comparison  of  holographic 
images  reproduced  from  a  hologram  on  which  the 
initial  and  changed  states  of  the  product  are  re¬ 
corded.  The  changes  can  be  caused  by  a  mechanical 
loading,  thermal  deformation  and  some  other  fac¬ 
tors  occurring  in  the  process  of  service  of  the  pro¬ 
duct  or  during  its  strength  testing  [1]. 


The  expensive  large  vibroinsulating  stands  and 
equipment  are  usually  used  for  diagnostics  of  qua¬ 
lity  of  different  structures.  When  the  structure  ele¬ 
ments  are  examined  using  this  equipment  the  rather 
complicated  schemes,  containing  a  large  amount  of 
different  optical  elements  are  used  in  holographic 
interferometers.  To  use  the  above-mentioned  holo¬ 
graphic  equipment  is  difficult  in  many  cases  as  it 
is  not  always  possible  to  arrange  the  objects  on  a 
holographic  stand. 

The  E.O.  Paton  Electric  Welding  Institute  has 
developed  small-sized  devices,  instruments  and  op¬ 
tical  schemes  which  can  be  arranged  on  the  objects 
to  be  examined  without  any  special  vibroprotec- 
tion.  In  collaboration  with  T.G.  Shevchenko  Na¬ 
tional  University  a  small-sized  thermoplastic  ca¬ 
mera  has  been  developed,  in  which  a  new  compo¬ 
sition  of  the  film  of  amorphous  molecular  semicon¬ 
ductors,  deposited  on  a  glass  plate,  is  used  for  the 
hologram  recording.  One  such  plate  with  a  coating 
can  record  at  least  1000  holograms  (record-erase 
cycle). 

The  highly-sensitive  compact  thermoplastic 
camera  of  an  instantaneous  recording  of  holograms 
in  real  time  gives  new  opportunities  for  the  deve¬ 
lopment  of  portable  holographic  devices  and  in¬ 
struments  for  diagnostics  of  structures  under  the 
site  and  service  conditions  (Figure  1). 

The  application  of  fibrous  optics  in  optical 
schemes  of  interferometers  could  reduce  to  mini¬ 
mum  the  number  of  optical  elements  and  to  elimi¬ 
nate  the  use  of  a  special  vibroprotection  of  holo¬ 
graphic  devices.  Thus,  a  compact  device,  which 
could  perform  diagnostics  of  pipes  without  a  holo¬ 
graphic  stand,  was  designed  and  manufactured  for 
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Figure  1.  General  view  of  a  compact  thermoplastic  camera  with 
an  electron  control  unit  for  an  instantaneous  recording  of  holo¬ 
grams 


nondestructive  holographic  quality  control  of 
welded  and  adhesive-bonded  thin-walled  pipes 
from  polymeric  and  composite  materials,  widely 
used  in  advanced  branches  of  industry  (Figure  2) 
[2]. 

The  most  important  problem  in  holographic 
nondestructive  quality  control  of  the  structure  ele¬ 
ments  is  the  optimization  of  the  method  of  loading 
the  object  being  examined.  Many  researchers  could 
not  in  a  number  of  cases  apply  the  holographic 
nondestructive  examination,  because  they  did  not 
manage  to  select  the  optimum  method  of  loading 
the  object  being  examined.  The  conception  of  the 
optimum  loading  of  the  object  is  based  on  the  se¬ 
lection  of  such  a  loading  which  will  concentrate 
stresses  in  the  zone  of  an  expected  defect.  More¬ 
over,  the  more  massive  object  examined,  the  more 
difficult  to  select  the  most  simple  method  of  loading 
which  will  make  it  possible  to  create  the  stress 
concentration  in  the  zone  of  expected  defects. 

The  reliability  of  revealing  defects  on  the  basis 
of  the  qualitative  analysis  of  the  interferograms 
depends,  first  of  all,  on  the  right  allowance  for  the 
following  two  factors.  First,  it  depends  on  the  se¬ 
lection  of  an  optimum  method  of  the  object  loading, 
i.e.  the  creation  of  such  a  stressed  state  which  leads 
to  the  largest  differences  in  distribution  of  displace¬ 
ments  and  deformations  over  the  object  surface  in 
defective  and  defect-free  regions  for  the  given  type 
of  defects.  Secondly,  it  depends  on  using  inter¬ 
ferometer  during  researches  whose  efficiency  is  in¬ 
creased  with  a  growth  of  sensitivity  to  that  com¬ 
ponent  of  a  vector  of  displacement  whose  distribu¬ 
tion  is  affected  to  a  greatest  extent  in  the  presence 
of  defect  at  the  given  type  of  loading. 

The  sensitivity  of  the  holographic  inter¬ 
ferometry  to  a  normal  component  of  vector  of  dis¬ 
placement  is  often  much  higher  than  to  the  tan¬ 
gential  component  and  reaches  the  level  of  X/2. 
Therefore,  in  a  general  case  when  the  holographic 
methods  are  used  it  is  rational  to  select  the  optimum 
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Figure  2.  General  view  of  a  holographic  unit  for  nondestructive 
quality  control  of  elements  of  tubular  structures 


scheme  which  is  sensitive  mainly  to  the  displace¬ 
ments  out  of  a  plane,  and  the  object  loading  is 
realized  in  such  a  way  that  the  anomalies  in  the 
field  of  displacement  corresponded  to  this  compo¬ 
nent  namely. 

Thus,  the  decisive  factor  for  an  effective  appli¬ 
cation  of  the  holographic  interferometry  in  nonde¬ 
structive  examination  of  products  and  materials  is 
a  selection  of  an  optimum  type  and  mode  of  the 
object  loading.  It  should  be  noted  that  the  selection 
of  the  method  of  loading  is  not  a  trivial  problem 
and  it  influences  greatly  on  the  final  result. 

In  holographic  flaw  detection  four  basic  meth¬ 
ods  of  loading  (direct  mechanical,  pressure,  ther¬ 
mal  and  vibroexciting)  are  used  which  can  be  ap¬ 
plied  both  separately  and  in  combination  [3,  4]. 

Let  us  consider  the  fields  of  application  and 
peculiarities  of  using  the  most  wide-spread  methods 
of  loading. 

Mechanical  loading.  In  this  case  the  object  ex¬ 
amined  is  subjected  to  a  simple  tension,  compres¬ 
sion,  torque,  bending  or  a  local  loading.  The  me¬ 
chanical  loading  is  often  used  for  detection  of  de¬ 
fects  in  the  form  of  cracks.  The  crack  visualization 
is  based  on  the  fact  that  under  the  action  of  loading 
the  field  of  displacements  of  the  object  surface  in 
the  crack  vicinity  loses  its  continuity  in  a  number 
of  cases,  thus  leading  to  a  break  or  bending  of  the 
interference  fringes.  Therefore,  the  condition  of  a 
direct  detection  of  crack  in  the  interferogram  is  an 
abrupt  localization  of  displacements  in  the  crack 
vicinity  because  of  the  continuity  disturbance. 

Coming  from  the  general  requirements,  the  se¬ 
lection  of  a  mechanical  loading  depends  on  the 
object  geometric  sizes,  physical  and  mechanical 
properties  of  the  material,  and  also  on  the  most 
probable  location  and  sizes  of  the  crack.  In  each 
definite  case  the  applying  of  the  mechanical  loading 
is  optimized  experimentally.  It  should  be  noted 
that  during  diagnostics  of  structures,  for  example, 
in  crack  determination  in  accordance  with  the 
Saint-Venant  principle,  such  defect  disturbs  the 
deformed  state  at  the  distance  equal  approximately 
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Figure  3.  Interference  fringe  patterns  which  characterize  the 
quality  of  welded  polyethylene  pipes:  a  —  defect-free  region 
of  weld;  6—40  mm  long  defective  region  of  weld 


to  its  length,  and  to  visualize  crack  it  is  necessary 
to  have  at  least  one  fringe  in  the  area  of  disturbance. 
Here,  the  minimum  size  of  the  defect  detected  de¬ 
pends  on  the  frequency  of  the  interference  fringes. 
The  increase  in  load  can  increase  their  frequency, 
however,  it  leads  to  a  deterioration  of  their  reso¬ 
lution.  Therefore,  it  is  rational  to  use  special  meth¬ 
ods  of  holographic  interferometry  for  detection  of 
small  defects  (less  than  1  mm). 

Experiments  on  optimizing  the  method  of  load¬ 
ing  the  pipes  were  performed  using  a  compact  holo¬ 
graphic  device  for  the  quality  control  of  tubular 
elements  (Figure  2).  They  showed  that  an  elastic 
bending  of  the  examined  area  is  an  optimum  loading 
for  the  tubular  specimens.  In  addition,  there  is  no 
need  in  vibroprotection  of  the  holographic  unit, 
because  in  spite  of  including  a  device  for  an  elastic 
bending,  recording  medium,  thermoplastic  camera 
and  a  light  guide  with  an  optical  element,  it  is 
fixed  rigidly  on  the  element  being  examined.  The 
optimized  method  of  loading  made  it  possible  to 
perform  the  quality  control  of  high-density  poly¬ 
ethylene  welded  tubular  elements  of  110  mm  di¬ 
ameter  and  8  mm  wall  thickness,  and  elements  of 
composite  pipes  of  100  mm  diameter  and  4  mm  wall 
thickness. 

In  resistance  welding  of  polyethylene  pipes 
(Figure  3)  the  long  defects  of  «sticking»  type  are 
occurred,  which  cannot  be  detected  by  other  NDT 
methods. 

Large  difficulties  in  case  of  using  the  traditional 
methods  of  control  are  encountered  when  testing 
the  composite  adhesive-bonded  pipes.  Figure  4,  a 
shows  the  scheme  of  a  coupling  joining  of  two 
tubular  elements  made  from  a  glass  fibre.  The  wall 
thickness  of  the  coupling  is  8  mm.  Using  the  elastic 
bending  at  the  area  examined,  it  was  possible  to 
reveal  the  unquality  adhesion  of  two  pipes  in  the 
coupling.  Figure  4,  b  shows  a  defect-free  region  of 
the  coupling,  while  Figure  4,  c  shows  the  35  mm 
long  inner  defect  of  a  poor  adhesion. 

Pressure  loading.  In  this  method  of  loading  an 
object  or  its  part  is  subjected  to  deformation  due 
to  change  in  pressure  (increase  or  decrease).  This 


Figure  4.  Scheme  of  a  coupling  joint  of  composite  pipes  ( a ) 
and  interference  fringe  patterns  which  characterize  its  quality 
(b  —  defect-free  region;  c  —  35  mm  long  defective  region) 


loading  is  often  used  in  combination  with  a  two- 
exposure  holographic  interferometry,  when  the 
pressure  is  varied  between  the  exposures  for  the 
visualization  of  defects  mainly  in  the  form  of  wall 
thinning  in  hollow  products,  laminations  in  mul¬ 
tilayer  materials,  etc.  Its  application  in  the  holo¬ 
graphic  flaw  detection  is  based  on  the  following 
principle.  When  the  pressure  is  changed  the  elastic 
displacement  of  the  object  surface  occurs  and  the 
wall  thickness  influences  the  size  of  displacement. 
Thinning  or  lamination  of  the  wall  material  leads 
to  an  anomalous  pattern  of  the  interference  fringes 
in  the  defect  area. 

This  method  of  loading  (inner  pressure)  was 
used  for  the  nondestructive  quality  control  of  the 
three-layer  thin-walled  cylindrical  shell  made  from 
stainless  steel  using  spot  resistance  and  arc  welding. 
The  cylindrical  shell,  made  of  three  layers,  had  an 
access  to  the  inner  cavity,  thus  allowing  the  inner 
pressure  to  be  easily  created  with  the  help  of  an 
air  (Figure  5).  The  interference  fringe  pattern  de¬ 
monstrated  the  areas  of  the  shell  with  unquality 
spot  welding. 
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Figure  5.  General  view  of  three-layer  cylindrical  shell  ( a )  and  interference  fringe  pattern,  which  characterizes  the  defective 
regions  (6) 


The  application  of  loading  with  an  inner  pres¬ 
sure  is  especially  effective  in  the  quality  control  of 
welded  high-pressure  cylinders  used  in  the  motor 
transport.  Figure  6  gives  a  general  view  of  the 
welded  thin-walled  cylinder,  made  from  a  high- 
strength  steel,  and  also  shows  an  interference  fringe 
pattern  obtained  during  changing  the  inner  pres¬ 
sure  in  the  cylinder.  This  interference  fringe  pattern 
characterizes  the  localization  of  displacements  at 
the  area  of  revealed  inner  defects  (flaws).  With 
increase  in  the  inner  pressure  the  fracture  of  a  thin- 
walled  cylinder  in  the  zone  of  the  revealed  defects 
was  observed. 

Thermal  loading.  The  application  of  this 
method  in  the  holographic  flaw  detection  is  based 
on  the  formation  of  an  anomalous  deformation  at 
the  presence  of  difference  in  values  of  a  heat  ex¬ 
pansion  in  the  elements  of  volume.  Depending  on 
the  conditions  of  control  the  object  examined  can 
be  heated  by  a  jet  of  a  warm  air  or  by  a  heat 
radiation  both  locally  and  over  the  whole  surface. 
This  loading  is  especially  convenient  in  combina¬ 
tion  with  a  real  time  interferometry,  as  in  this  case 
it  is  possible  to  observe  the  dynamics  of  changing 
the  interference  pattern  during  heating. 

The  class  of  defects  detected  during  thermal 
loading  is  rather  wide  and  includes  all  types  of 
defects  which  lead  to  the  distortion  of  fields  of 
surface  displacements  (lamination,  local  thinning 
of  walls,  etc.). 

The  temperature  loading  was  used  for  the  qual¬ 
ity  control  of  an  adhesive-bonded  honeycomb  panel 
of  30x1000x1500  mm  size  with  an  aluminium  filler. 
The  external  plates  of  0.8  mm  thickness  made  from 
a  glass  plastic  was  adhesive-bonded  to  the  alu¬ 
minium  filler.  The  panel  area  examined  was  heated 
with  a  warm  air  (approximately  60  °C)  from 
100  mm  distance  for  30  s.  The  general  view  of  the 
honeycomb  panel  and  interference  fringe  patterns 
which  characterize  the  quality  of  different  regions 
of  the  honeycomb  panel  are  given  in  Figure  7.  At 
the  preset  temperatures  of  thermal  loading  it  was 
possible  to  reveal  a  poor  adhesion  at  the  local  areas 
of  4  -  35  mm  length.  The  application  of  hot  air 


was  also  effective  in  the  quality  control  of  the  hon¬ 
eycomb  aluminium  panels  which  are  used  in  the 
aerospace  industry. 

The  application  of  thermal  loading  for  the  qua¬ 
lity  control  of  thin-walled  lining  of  the  aircraft 
fuselage  having  a  single-sided  access  is  challenging. 
The  hazardous  defect  in  a  long  service  of  the  air¬ 
crafts  is  a  corrosion  of  the  material  from  the  inner 
side  of  lining,  especially  in  the  places  of  contact 
of  different  rigid  sections  with  a  thin  lining.  Fi¬ 
gure  8  shows  the  general  view  of  an 
3.5x1700x1700  mm  element  of  the  aircraft  alu¬ 
minium  lining  with  rivets  and  the  interference 
fringe  patterns  which  characterize  the  defect-free 
zones  and  regions  of  the  lining  corrosion  (wall  thin¬ 
ning  is  above  45  %). 

In  fabrication  of  different  welded  structures  the 
important  problem  is  residual  stresses  which  in 
many  cases  decrease  the  strength  and  serviceability 
of  structures.  In  this  connection  the  development 
of  effective  methods  of  obtaining  comprehensive 
information  about  the  peculiarities  of  formation 


Figure  6.  General  view  of  welded  thin-walled  cylinder  ( a )  and 
interference  fringe  pattern  ( b ) ,  which  characterizes  the  defective 
region 
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Figure  7.  General  view  of  honeycomb  panel  (a),  interference  fringe  pattern  (6),  which  characterizes  the  panel  quality 


and  distribution  of  residual  stresses  over  the  whole 
field  of  examined  objects  made  from  metallic  and 
non-metallic  materials  is  actual. 

Different  methods  of  determination  of  residual 
stresses  and  also  the  problems  of  their  measurement 
are  known  [5].  The  method  of  holes  found  the  wid¬ 
est  spreading.  To  measure  the  fields  of  displace¬ 
ments  caused  by  a  relaxation  of  stresses  in  the  zone 
of  a  drilled  hole,  the  contactless  methods  of  an 
optical  holography  are  used. 

To  solve  the  problems  of  measurement  of  the 
residual  stresses,  we  have  designed  and  manufac¬ 
tured  different  compact  holographic  devices  which 
can  measure  the  fields  of  displacements  in  the  zone 
of  a  stress  relaxation  [2].  The  holograms  are  re- 


Figure  8.  General  view  of  aircraft  lining  element  ( a )  and  in¬ 
terference  fringe  patterns,  which  characterize  the  presence  of 
lining  corrosion  (b  —  defect-free  region;  c,  d  —  defective  re¬ 
gions) 


corded  both  on  high-resolution  glass  photographic 
plates  using  a  wet  chemical  developing  and  also  on 
thermoplastic  materials  without  chemical  develop¬ 
ing,  the  latter  can  record  the  hologram  during  frac¬ 
tions  of  a  second.  Here,  the  technology  of  deter¬ 
mination  of  residual  stresses  is  as  follows.  A  small¬ 
sized  device  is  mounted  on  the  area  of  the  structure 
where  the  residual  stresses  are  to  be  determined. 
The  examining  area  is  illuminated  with  a  laser  light 
and  the  reflected  light  is  recorded  with  the  help  of 
a  thermoplastc  camera.  Then,  a  local  relaxation  of 
the  field  of  residual  stresses  is  made  (by  drilling, 
heating,  ball  indentation,  discharge,  etc.)  and  a 
reflected  light  wave  is  again  recorded  on  the  same 
recording  medium.  This  wave  carries  information 
about  the  displacements  in  a  local  zone  of  relaxa¬ 
tion.  With  the  help  of  a  standard  CCD-camera  the 
interferogram  is  put  to  the  computer  memory  and 
processed  and  the  level  of  the  residual  stresses  is 
determined. 

The  calculated  relations  between  the  residual 
stresses  and  displacements  caused  by  relaxation  of 
stresses  make  it  possible  to  determine  the  quanti¬ 
tative  values  of  residual  stresses. 

Application  of  compact  holographic  devices  for 
diagnostics  of  structures  gives  an  opportunity  to 
solve  a  number  of  important  engineering  problems 
concerning  the  determination  of  residual  stresses 
in  elements  of  full-scale  welded  structures.  Thus, 
for  example,  with  the  help  of  the  developed  tech¬ 
nology  the  residual  stresses  were  determined  in  a 
framework  of  fastening  the  aircraft  engine  turbines, 
made  from  a  magnesium  alloy,  after  their  repair 
welding.  The  experiments  showed  that  after  the 
repair  welding  the  cracks  are  often  occur  due  to  a 
gradient  of  residual  stresses.  The  general  view  of 
the  framework,  fringe  pattern  which  characterizes 
the  residual  stresses  and  their  level  are  given  in 
Figure  9. 

The  further  development  of  methods  of  optical 
holography  promoted  the  creation  of  the  new  me¬ 
thods  of  nondestructive  quality  control  and  deter¬ 
mination  of  residual  stresses  which  are  based  on 
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aircraft  engines  ( a )  and  interference  fringe  patterns  ( b ),  which 
characterize  the  level  of  residual  stresses 


electronic  processing  of  the  optical  information, 
namely  the  methods  of  an  electron  speckle-inter¬ 
ferometry  and  shearography  [4,  6]. 

There  are  not  theoretical  differences  between 
the  ordinary  and  electron  methods,  but  the  latter 
are  the  computer  processes  which  eliminate  the  wet 
chemical  and  electrostatic  developing  and  sub¬ 
sequent  reproduction  of  the  interference  patterns. 
This  advantage  makes  electron  methods  more  ef¬ 
fective  and  applicable. 

In  our  investigations  the  method  of  the  electron 
speckle-interferometry  was  used  for  the  determina¬ 
tion  of  residual  stresses  in  welded  joints.  For  this 
purpose  an  optical  scheme  was  assembled  (Fi¬ 
gure  10)  which  consisted  of  a  coherent  light  he¬ 
lium-neon  laser  /  with  a  wave  length  X  =  0.63  pm, 


Figure  10.  Optical  scheme  of  method  of  electron  speckle-inter¬ 
ferometry  (see  designations  /  -  7  in  text) 


collimators  2,  object  3  to  be  examined,  mirror  4, 
objective  5,  CCD-camera  6 ,  connected  to  a  com¬ 
puter  unit  7.  The  computer  unit  consists  of  PC  on 
the  Pentium  133  MHz  base,  a  monitor,  built-in 
into  computer,  an  analog-digital  converter  (ADC), 
which  is  connected  to  the  CCD-camera.  Wave 
front,  dissipated  diffusively  by  the  object,  enters 
the  high-sensitivity  matrix  of  CCD-camera 
(752x582  points).  The  ADC  will  digitize  the  analog 
signal  and  display  it  on  the  screen.  The  displayed 
speckle-pattern  is  recorded  on  a  hard  disc  in  the 
form  of  a  graphical  file  which  can  be  used  in  any 
moment.  Then,  a  small  hole  is  drilled  in  the  zone 
of  examination  for  relaxation  of  stresses  and  the 
reflected  wave  is  recorded  again.  With  the  help  of 
a  special  program  the  recorded  graphical  files  are 
processed.  The  obtained  thus  image  (specklogram) 
is  also  recorded  in  the  form  of  a  graphical  file.  This 
specklogram  represents  a  speckle-pattern  with 
black  and  white  regions  or  fringes  and  requires  a 
special  processing.  The  image  processing  includes 
some  main  operations  (reduction  of  a  speckle-noise 
level,  increase  in  a  pattern  contrast,  etc.).  The 
welding  residual  stresses  in  a  welded  AMg6  alloy 
T-joint,  made  by  the  argon  arc  welding,  were  de¬ 
termined  using  the  method  of  an  electron  speckle- 
interferometry.  The  general  view  of  the  element 
examined,  a  specklogram  and  a  level  of  the  residual 
stresses  are  shown  in  Figure  1 1 . 

The  method  of  the  electron  shearography  was 
used  by  us  for  the  nondestructive  quality  control 
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Figure  11.  General  view  of  element  examined  ( a )  and  speck- 
logram  at  the  region  examined  ( b ) 

of  the  structure  elements.  This  method  makes  it 
possible  to  determine  deformations  without  a  nu¬ 
merical  differentiation  of  data.  In  addition,  its  main 
advantage  is  a  low  sensitivity  to  vibrations.  This 
method  is  suitable  for  application  in  industry  for 
the  following  purposes: 

measurement  and  analysis  of  deformations; 

nondestructive  quality  control  of  structures  of 
an  intricate  geometric  shape. 

The  principle  of  the  method  of  an  electron 
shearography  is  as  follows  [6,  7].  The  surface  of 
the  object  examined  is  illuminated  with  a  coherent 
laser  radiation.  The  light,  dissipated  by  a  diffusive 
surface  of  the  object  and  forming  a  speckle-struc¬ 
ture,  enters  a  shear  element  and  is  focused  in  the 
plane  of  the  CCD-camera  image.  A  glass  wedge  is 
used  as  a  shear  element  and  with  its  help  a  pair  of 
transversely  sheared  images  of  the  object  are 
formed.  These  two  images  interfere  with  each  other, 
thus  forming  a  chaotic  interference  pattern  which 
is  entered  to  the  CCD-camera  connected  to  the 
computer  unit  where  it  is  processed  to  obtain  the 
shearogram. 

Owing  to  using  the  above-mentioned  method 
the  nondestructive  quality  control  of  adhesive- 
bonded  elements  of  the  honeycomb  structure  was 
made.  The  aluminium  honeycombs  were  used  as  an 
inner  filler.  The  external  sheets  of  0.5  mm  thick¬ 
ness,  made  from  carbon-  and  glass  plastic,  were 


Figure  12.  Shearogram,  which  characterizes  the  quality  of  the 
honeycomb  panel  element 


bonded  to  the  aluminium  filler.  The  shearograms 
which  characterize  the  quality  of  the  honeycomb 
elements  are  shown  in  Figure  12. 

The  described  optical  methods,  compact  devices 
and  instruments  make  it  possible  to  perform  the 
nondestructive  quality  control  and  to  determine 
the  stressed  state  of  elements  and  members  od  struc¬ 
tures  made  from  metallic  and  composite  materials 
using  a  contactless  method.  The  application  of  the 
methods  of  an  electron  speckle-interferometry  and 
shearography  opens  up  the  new  opportunities  for 
the  nondestructive  diagnostics  of  structures  under 
the  conditions  of  their  manufacture  and  service. 
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New  Version! 


Software  Package  for  Computer  Aided 
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Prof.  Yu.  Borisov,  Dr.  I.  Krivtsun  and  A.  Muzhichenko 
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CASPSP  is  a  package  of  computer  programs  for  modeling  both  subsonic  turbulent 
plasma  jets  used  in  plasma  spraying  and  behavior  of  spray  particles* in  such  jets.  It 
enables  to  perform  quickly  and  easily  the  computer  estimation  ofjthe  temperature 
and  velocity  distributions  for  a  plasma  jet,  as  well  as  the  trajectory,  velocity  and 
thermal  state  of  particles  being  sprayed,  depending  on  the  plasmaf spraying  process 
parameters.  This  software  may  be  useful  for  experts  in  the  field  oj  plasma  spraying 
and  for  students  interested  in  this  topic.  t 


CASPSP  is  a  recently  improved  software  package  and  its  new  version  consists  of 
two  connected  modules: 

•  CASPSP  -  Simulation  of  Plasma  J$t  *  ^ 

_ ( 


CASPSP  -  Simulation  of  Spray  Particles  \ 


CASPSP  has  Windows  9x/NT/2000  friendly  interface,  which  involves  the  fol¬ 
lowing  systems  for  each  module: 

•  Control  Menu  •  Input-Output  Data  Editing  System 
Graphical  Result  Displaying  System  •  Help  System 


FEATURES  . . 

The  first  module  is  intended  for  computer  simulation  of  subsonic  turbulent  plasma  jets,  which  are  formed  by 
plasmatrons  with  smooth  channel  of  nozzle-anode  and  emitted  into  the  open  atmosphere  (APS).  The  corre¬ 
sponding  calculation  programs  are  based  on  the  mathematical  model  for  gas  dynamic  and  heat  transfer  process¬ 
es  in  subsonic  flow  of  arc  plasma,  which  arc  described  by  the  set  of  MGD  equations  within  the  turbulent 
boundary  layer  approximation.  This  module  permits  to  calculate  and  display  spatial  distributions  of  the  plas¬ 
ma  temperature  and  velocity  for  free  jets  with  taking  into  account  the  electric  arc  processes  occurring  inside 
plasmatron,  in  dependence  on  its  nozzle-anode  channel  dimensions,  arc  current,  composition  and  flow  rate  of 
plasma-forming  gas. 


The  second  module  is  intended  for  computer  simulation  of  behavior  of  spray  particles  in  the  plasma  jet  with 
pre-calculated  distributions  of  the  plasma  temperature  and  velocity.  The  corresponding  calculation  program  is 
based  on  the  mathematical  model  for  processes  of  particle  heating  and  acceleration,  which  are  described  by 
the  non-linear,  non-stationary  thermal  conductivity  equation  and  the  equation  of  motion  for  a  spherical  par¬ 
ticle  in  plasma  flow  with  taking  into  account  the  reducing  of  temperature  and  velocity  of  the  plasma  jet  due 
to  spray  powder  loading.  This  module  permits  to  calculate  and  display  trajectory,  velocity  and  temperature, 
field  for  particles  being  sprayed,  according  to  composition  of  material  and  initial  diameter  of  the  pajikdes, 
their  feed  rate  and  conditions  of  their  injection  into  the  jet.  ^  * 

The  new  version  of  the  software  allows  to  choose  preferable  units  for  data  being  inputted  outputted: 

•  Dimensions  (cm\in)  •  Temperatures  (K\F\C)  s 

•  Gas  Flow  Rates  (SLPM\SCFH)  •  Powder  Feed  Rates  (kg/hr\lh/1ir) 

✓ 

Modification  of  this  software  can  be  made,  e.g.,  for  simulation  of  various  type  non-transferred  arc  plasma¬ 
trons;  for  simulation  of  plasma  jets  emitted  into  limited  space  (SPS);  for  sjrifulation  of  supersonic  plasma  jets 
and  for  simulation  of  many  particles  simultaneously.  / 

DATABASES  / ■ 

Plasma-forming  gases:  •  Ar  •  N2  •  Ar  +  H2  •  Ar  +  He  / 

Particle  materials:  •  Al  •  Cu  •  Mo  •  Ni  •  Ti  •  Al20/  *  Cr203  •  Fe304  *  Ti02  •  Zr02 
•  Cr3C2  •  TiC  •  WC  •  CaF2  •  AltuFe 

Changes  to  these  databases  are  possible.  / 


SYSTEM  REQUIREMENTS  /  . 

IBM  PC  and  compatibles  with  installed  Windows  9//NT/2000.  CPU:  Pentium  (faster  clock  rate  is  pre¬ 
ferable);  RAM:  at  least  32  MB;  HDD  free  space:  eft  least  5  MB;  CD-ROM  (software  provided  on  CD); 
Monitor:  SVGA,  1024x768  pixels,  16  bit  color  controller;  Printer:  optional  (color  printer  is  preferable). 


Complete  software  package:  Distribution  CD  aAd  User's  Manual  (36  pp.,  A4) 
Modifications  of  the  software  on  the  customers  requirements  can  be  made  at  extra  pay. 
Demo  version  of  the  software  is  available  free  of  charge:  http://www.kar. net/~pJasma 


$1,400,00 


To  order  CAS  PSP  package  call: 

Prof.  Yu.  S.  Borisov,  Head  of  Coating  Department,  E.  O.  Paton  Electric  Welding  Institute 
National  Academy  of  Sciences  of  Ukraine,  11,  Bozhenko  St.,  Kyiv  03680,  Ukraine, 

Tel .  / Fax :  38-044/220-9215,  JE-mail :  borisov@pwi.ru. kiev.  u a 
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WELDED  STRUCTURES 


DEVELOPMENT  OF  CALCULATION  PROCEDURES 
FOR  ASSESSMENT  OF  ALLOWABLE  DEFECTS  IN 
WELDED  JOINTS  OF  CRITICAL  STRUCTURES 

V.I.  MAKHNENKO  and  O.V.  MAKHNENKO 

The  E.O.  Paton  Electric  Welding  Institute,  NASU,  Kyiv,  Ukraine 


ABSTRACT 

Algorithms  of  assessment  of  allowable  defects  in  welded  joints  of  the  critical  structures  are  considered  on  the 
basis  of  a  well-known  concept  «fitness-for-purpose» ,  developed  by  the  International  Institute  of  Welding  and 
advanced  approaches  of  fracture  mechanics  of  bodies  with  cracks.  A  significant  role  of  residual  welding  stresses, 
geometric  peculiarities  of  welded  joints,  mechanical  heterogeneity,  caused  by  the  effect  of  a  welding  thermal 
cycle  and  appropriate  impurities  in  weld  metal,  is  outlined. 


Key  words:  equivalent  cracks,  intercrystalline  stress 
corrosion,  radiation,  fluence  of  fast  neutrons,  embrittlement, 
critical  temperature  of  brittleness. 

Development  of  fracture  mechanics  of  bodies  with 
cracks,  the  improvement  of  mathematical  models 
describing  the  main  laws  of  such  fracture  under 
various  loading  conditions,  as  well  as  of  the  means 
of  their  realization  contribute  to  the  development 
of  predictive  algorithms  for  calculation  of  the  be¬ 
havior  of  structures  with  the  preset  cracks  under 
the  real  service  conditions.  These  form  a  basis  for 
the  majority  of  modern  approaches  to  assessment 
of  allowable  revealed  defects.  With  this  respect,  a 
fairly  large  amount  of  investigations  carried  out  in 
many  countries  in  this  field  should  be  mentioned 
[1-5,  etc.]. 

In  most  these  studies,  the  development  of  a  cal¬ 
culation  scheme  is  based  on  the  replacement  of  vari¬ 
ous  rather  concentrated  defects  (cracks,  pores,  in¬ 
clusions,  incomplete  penetrations,  undercuts,  etc.) 
by  the  corresponding  equivalent  cracks  which  are 
considered  as  the  most  dangerous  defect  types.  At 
selection  of  the  equivalent  cracks  the  canonical 
crack  shapes  are  commonly  used  which  are  well- 
studied,  and  for  which  the  stress  intensity  factor 
(SIF)  calculation  is  a  rather  routine  procedure. 

Accordingly,  the  rules  of  schematizing  single- 
and  group-defects  with  equivalent  cracks  are  de¬ 
fined  in  various  countries  in  corresponding  docu¬ 
ments,  e.g.  in  British  Standards  Institution 
PD6493  in  UK,  in  ASME  Boiler  and  Pressure  Ves¬ 
sel  Code  in  the  USA,  in  Methodical  Recommenda¬ 
tions  MR  125-0-90  in  the  former  Soviet  Union, 
etc.  This  creates  a  definite  legal  base  for  the  as¬ 
sessment  of  the  allowable  defects,  including  those 
in  the  welded  joints  [6], 

Nevertheless,  the  effective  practical  use  of  these 
approaches  encounters  definite  problems,  since  in 


many  cases  the  justification  of  numerical  results 
needs  many  additional  data,  including  manufacture 
peculiarities,  service  loading  history  of  the  struc¬ 
ture,  analysis  of  causes  of  defects  initiation  and  the 
kinetics  of  their  in-service  growth,  degradation  of 
material  properties,  distribution  of  residual  stresses 
(strains)  in  the  vicinity  of  defects,  etc.  The  infor¬ 
mation  concerning  these  parameters  is  far  not  al¬ 
ways  easy  to  obtain,  i.e.  significant  efforts  are  re¬ 
quired  to  receive  it  and  in  a  number  of  cases  they 
considerably  exceed  those  associated  with  the 
strength  calculations  themselves. 

Thus,  the  practical  assessment  of  the  allowable 
revealed  defects  transforms  in  practice  into  a  rather 
cost-  and  time-consuming  investigation.  Certainly, 
this  should  be  taken  into  account  in  formulating 
problems  of  this  kind,  especially  when  prompt  so¬ 
lutions  are  needed.  Undoubtedly,  with  the  accu¬ 
mulation  of  experience,  appropriate  information 
data  banks,  etc.,  the  prompt  justification  concern¬ 
ing  the  allowable  defects  revealed  in  critical  welded 
structures  will  find  a  wide  use  in  practice. 

Below,  the  specific  examples  of  possible  nu¬ 
merical  procedures  for  implementing  the  problem 
of  the  assessment  of  allowable  revealed  defects  are 
illustrated. 

Example  /.  In  late  October  1997,  during  the 
scheduled  repair  of  the  power  unit  No.  3  at  the  Cher¬ 
nobyl  NPS,  a  100  %  inspection  of  all  1451  butt 
welded  joints  of  the  pipelines  of  the  Dn  300  type 
of  a  loop  of  multiple  forced  circulation  was  per¬ 
formed.  Among  them,  208  butt  welds  had  defects 
which  were  classified  as  the  intercrystalline  stress 
corrosion  cracks  (ICSCC).  The  pipings  of 
325x16  mm  section  were  put  into  operation  in 
April,  1981.  The  material  is  a  pipe  steel 
08KM8N10T.  Butts  were  welded  using  a  wire 
04Khl9Nl  1M3. 
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Table  1.  Distribution  of  defected  welds  depending  on  the  defect  length  ( L  =  2c,  mm) 


L  =  2c. 

<  25 

2 5<L<  50 

50<JL<75 

75<I<100 

100<L<125 

125<£<150 

150<1<175 

175<L<200 

<  200 

Quantity 
of  welds 

40 

82 

36 

22 

9 

6 

4 

5 

4 

Similar  defects  were  revealed  earlier  in  similar 
units  of  Leningrad  (November,  1996)  and  Kursk 
(early  1994)  NPS.  Moreover,  similar  failures  were 
observed  in  the  power  units  BWR,  USA,  where, 
on  average,  25  %  of  welded  joints  of  the  type  AISI 
304  steel  exhibited  such  cracks  [7].  The  conven¬ 
tional  repair  of  these  butts  on  pipelines  is  cutting 
off  the  defective  area  of  the  pipe  of  a  length  of 
about  200  mm  in  both  sides  from  the  defect  and 
welding-on  of  a  corresponding  pipe  piece  by  two 
butt  welds.  Such  repair  under  radiation  contami¬ 
nation  is  highly  labor-,  cost-  and  time-consuming. 
The  station  had  no  mentioned  funds,  so  the  question 
was  put  forward  as  to  the  admissibility  of  some 
revealed  defects  of  relatively  small  lengths  (Ta¬ 
ble  1 ).  The  circumstance  mentioned  became  the  ba¬ 
sis  for  numerical  assessments  of  admissibility  of  a 
part  of  the  revealed  defective  welds  for  service. 
The  work  has  been  started  from  determining  the 
causes  of  occurrence  and  growth  of  the  revealed 
defects. 

The  results  of  experimental  examinations  using 
macro-  and  microsections  prepared  from  the  defec¬ 
tive  welds,  as  well  as  generalization  of  experience 
available  at  the  other  power  plants  and  literature 
data  [7]  made  it  possible  to  accept  the  already 
known  hypothesis  of  three  basic  factors: 

susceptibility  of  steel  0SKhl8N10T  to  ICSCC 
formation  in  the  HAZ  of  welds,  i.e.  sensitivity  of 
the  piping  base  metal; 

critical  level  of  stresses  in  definite  parts  of  the 
weld; 

service  environment,  which  promotes  the 
ICSCC  formation. 

The  susceptibility  of  the  base  metal  in  the  HAZ 
occurs  by  the  heating  during  welding  to  1200  - 
1300  °C,  by  a  partial  dissolution  of  titanium  car¬ 
bides,  the  fixing  of  carbon  in  a  solid  solution  and 
by  a  formation  of  chromium  carbides  during  the 
post-weld  cooling  and  repeated  reheatings  within 
the  temperature  range  500  ~  650  °C. 

The  forming  chromium  carbides  of  the  C^Ce 
type  contribute  to  the  Cr-depletion  of  areas  near 
the  grain  boundaries.  Since  the  corrosion  resistance 
of  such  types  of  steels  is  specified  by  the  chromium, 
the  local  Cr-depletion  of  the  steel  increases  its  sen¬ 
sitivity  to  ICSCC  in  a  distilled  water  at  tempera¬ 
tures  about  280  —  300  °C  [7].  Thus,  the  radical 
measure  to  prevent  ICSCC  formation  was  recog¬ 
nized  a  use  of  steels  with  a  lowered  carbon  content 
(less  than  0.02  %)  and  alloying  with  nitrogen,  nio¬ 
bium  ,  and  other  stabilizing  elements.  The  weld  met¬ 
al  with  a  lower  carbon  content  and  alloyed  with 
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molybdenum  forming  rather  stable  carbides  M02C 
(as  compared  to  TiC)  and  inducing  formation  of 
fine-grained  structure  of  primary  ferrite,  possesses 
rather  high  resistance  against  ICSCC.  Thus,  the 
ICSCC  in  the  weld  metals  of  the  pipelines  inves¬ 
tigated  were  observed  only  very  seldom.  The  low 
width  of  the  sensitivity  zone  adjacent  to  the  weld 
is  the  reason  of  the  crack  absence  transverse  the 
weld  (along  the  pipeline  axis).  Only  small  branch¬ 
ing  of  circumferential  cracks  were  observed  in  axial 
(relative  to  the  pipe  axis)  direction  at  the  distance 
of  not  more  than  2-3  mm. 

Thus,  the  objects  of  assessment  are  the  defects 
in  a  form  of  circumferential  cracks,  located  in 
the  HAZ  at  the  inner  surface  of  the  pipe.  At 
certain  idealization  they  can  be  considered  as  sur¬ 
face  (on  the  inner  surface  of  a  pipe)  semi-ellip¬ 
tical  cracks  of  a  depth  a  and  length  2c  whose 
plane  is  perpendicular  to  the  pipe  axis  (Figure 
1).  The  propagation  rates  for  ICSCC  are  usually 
presented  in  the  form  [8] 

ji  =  AKi  at  Ki>K„ 

^  =  0  at  <  Kt, 

where  /  =  a,  c;  K\  is  the  SIF  in  a  corresponding 
point  of  a  crack  contour  (C,  D)  of  Figure  1 ;  A  and 
n  are  the  empirical  coefficients,  depending  on  the 
material  sensitivity  degree;  K*  is  the  threshold 
value  of  K\. 

Unfortunately,  the  precise  values  K *,  A  and  n 
for  steel  08Khl8N10T  are  unknown.  So,  the  corre¬ 
sponding  data  for  AISI  304  are  commonly  used  as 
conservative  estimates,  as  this  steel  is  characterized 
by  the  higher  susceptibility  than  the  08Khl8N10T 
steel.  For  the  steel  AISI  304  at  high  degree  of 
sensitivity,  according  to  [8],  it  can  be  assumed  that 
n  =3.33,  A  =  4.07-10*  mm/year  at  [Kj], 
MPa-mm1/2;  for  the  average  degree  of  sensitivity 
n  =  2.161,  A  =  3.74-10  6  mm/year;  at  a  negligible 
sensitivity  degree  dl/dt  ~  1  mm/year. 

To  receive  information  about  K\  in  HAZ  of  the 
butt  weld,  the  data  of  stresses  in  this  area  should 
be  known.  These  stresses  are  defined  both  by  the 
service  loads  and  the  residual  welding  stresses.  It 
is  natural  that  the  decisive  here  are  the  normal 
stresses  gzz,  acting  along  the  pipe  axis. 

The  service  axial  stresses  <fzz  in  the  pipelines, 
designed  according  to  standards  [9],  are  specified 
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Figure  1.  Scheme  of  semi-elliptical  cracks  at  the  inner  surface 
of  the  cylinder  (pipe) 


by  bending  and  axial  distortions  of  the  pipeline 
during  service,  i.e.  by  internal  water  pressure  and 
by  temperature.  These  stresses  may  vary  within 
rather  wide  limits  depending  on  the  configuration 
of  the  pipeline,  the  effectiveness  of  the  system  of 
a  temperature  compensation,  etc.  According  to  the 
calculations  made  at  the  Institute  for  Strength 
Problems  of  NASU  under  the  supervision  of 
Prof.  A.Ya.  Krasovsky,  the  level  of  the  tensile  ser¬ 
vice  stresses  <?zz  may  lie  within  the  range  of  50  < 


c  <fzz  <  220  MPa  depending  on  the  type  of  the 
pipeline,  its  configuration,  system  of  a  temperature 
compensation,  etc.  At  steady  operation  of  the  tem¬ 
perature  compensation  system  these  stresses 
amount  to  50  -  75  MPa,  while  in  opposite  case 
they  increase  to  120  -  220  MPa. 

To  obtain  required  data  about  the  welding  resi¬ 
dual  stresses  and  their  interaction  with  the  service 
loads,  special  calculation  and  experimental  studies 
have  been  performed  [10].  Furthermore,  the  experi¬ 
ments  were  mainly  carried  out  to  verify  the  validity 
of  calculations.  The  calculation  procedure  is  based 
on  the  theory  of  non-isotherm al  thermo-plasticity.  In 
more  details,  this  study  is  presented  in  [10]. 

In  parallel  with  loading  of  the  weld  with  a 
pressure  p  =  8.45  MPa  and  temperature  T  =  285  °C, 
the  loading  with  above-mentioned  axial  service 

loads  <fzz  was  considered. 
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<*zz  i  MPa 
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Figure  2.  Distribution  of  total  stresses  (residual  c^s  and 
service  a^)  in  the  zone  of  a  circumferential  weld:  a  —  at  the 
inner  surface  along  the  axis  z\  b  —  in  thickness  of  HAZ  at 
different  values  —  120;  2  —  220;  3  —  75;  4  —  50;  5  — 
0  MPa);  R  —  inner  radius  of  pipe 


Figure  2  gives  results  of  the  mentioned  inter¬ 
action  for  different  <fzz  (from  0  to  220  MPa).  It  is 
clear,  that  at  <fzz  in  the  most  real  ranges  (50  - 
120  MPa),  the  diagram  of  the  total  stresses  in  the 
butt  zone,  both  in  wall  thickness  and  at  the  inner 
surface  vary  in  relatively  narrow  limits  (about 
46  MPa),  i.e.  the  role  of  service  stresses  is  le¬ 
velled  to  a  certain  degree.  This  can  explain  the 
absence  of  clear  correlation  between  the  level  of 


service  stresses  <fzz  and  the  level  of  intercrystalline 
stress  corrosion  cracking  observed  in  welded  joints. 

The  data  in  Figure  2,  b  make  it  possible  to 
calculate  the  value  K\  in  corresponding  points  of 
the  crack  detected.  It  is  obvious  for  small  cracks 
(L  <  50  mm)  that  the  diagram  of  distribution  of 
total  stresses  ozz  with  a  crack  growth  is  changed 
negligibly. 

Figure  3  gives  results  of  calculation  of  the  ki¬ 
netics  of  growth  of  the  crack  of  50  mm  length  and 
3  mm  depth  (i.e.  a  =  3  mm,  c  -  25  mm)  in  time. 
The  stresses  and  K\  are  shown  in  characteristic 
points  C,  D  (Figure  1),  and  also  the  sizes  a  (t) 
and  c  ( t )  at  values  A  and  n  for  the  average  degree 
of  sensitivity  of  the  AISI  304  grade  steel  and  dif¬ 
ferent  values  o^in  the  ranges  of  0  <  c?zz<  220  MPa, 
i.e.  for  different  curves  of  total  stresses  czz  (Fi¬ 
gure  2,  b). 

In  calculation  of  K\  the  method  of  weight  func¬ 
tions  was  used,  i.e.  the  value  K\(j)  for  j  =  D  (at 
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U  10  20  30  40  t,  years  0  1.0  2.0  3.0  4.0  5.0  t,  years 

a  b 

Figure  3.  Variation  of  nominal  total  stresses  o2Z,  coefficients  of  stress  intensity  and  sizes  of  cracks  a  ( t)f  c  ( t )  depending  on 
service  duration:  a  —  <5sZi  =  0;  b  —  a*,  =50  (/);  75  (2);  120  (3);  220  ( 4 )  MPa.  Dashed  lines  are  connected  with  a  crack  D  tip, 
solid  lines  —  with  a  crack  C  tip 
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the  surface)  and  j  -  C  (in  the  crack  depth)  is 
presented  in  the  form 

'HzS/Vj 

Kl(j^  =  n  (a/c,  a/6)  ’ 

where 


n  (a/c,  a/8)  =  1  -  (0.89  -  0.57 

x  [l  +  1.464  (a/c)1'65  °'5,  (j  =  C,  D) 


yc  =  1 .12  -  0.08  — , 

yD  =  [  1  +  0.32  (a/8)]  (1.23  -  0.09  a/c)  <a/c, 


>j  =  aj^zz  ©//  ©  di 


Here,  fjfe)  is  the  weight  function  presented  as 
follows: 


Figure  4.  Scheme  of  location  of  welded  joints  in  the  WWER 
type  reactor  vessel  ( a )  and  a  postulated  crack  (b):  a  =  0.256; 


2c  =  3.0<2 


fc  ©  =  C©+;D©  +  XE©,  /d©  =  /©- 
c 


where  C  (£),D  fe)y  E(Q  and  f(Q  are  the  tabulated 
functions  [5]. 

Analysis  of  Figure  3  showed  that  at  rather  con¬ 
servative  data  on  the  susceptibility  of  HAZ  of  the 
pipe  welded  joints  of  steel  08Khl8N10T,  the  ad¬ 
mission  to  service  of  such  butts  with  cracks  of  sizes 
2c  =  L  <50  mm  and  a  <  3  mm  can  lead  to  their 
gradual  growth.  However,  this  growth  for  about 
one-year  service  time  (till  the  next  scheduled  re¬ 
pair)  can  not  result  in  fairly  serious  consequences 
except  for  a  low-probable  variant  c4  =  220  MPa 
at  which,  according  to  calculations,  the  formation 
of  through-crack  of  a  small  size  L~  50  mm  is  pos¬ 
sible.  Nevertheless,  this  should  not  also  lead  to  a 
«guillotine»-type  fracture  [5]. 

Such  calculations  were  the  basis  for  admission  to 
start  the  operation  of  the  third  power  unit  at  the 
Chernobyl  NPS  in  spring  1998  till  the  next  scheduled 
repair  in  the  second  half  of  1999,  with  a  mandatory 
short-term  break  in  December  1998  to  perform  control 
operations  on  1 1 3  weld  butts  with  the  remained  cracks 
of  sizes  L  =  2c  <  50  mm  (Table  1). 

The  results  of  this  control  after  about  seven 
months  of  operation  indicated  fairly  insignificant 
changes  in  the  crack  sizes  (not  more  than 
1  mm/year). 

Example  2.  It  referred  to  the  evaluation  of  ad¬ 
missibility  of  a  crack-like  defect  in  a  welded  joint. 
However,  it  is  a  hypothetical  defect  which  may  be 
present  in  a  welded  joint  at  a  very  low  probability. 


Welded  joints  in  the  WWER  type  reactor  ves¬ 
sels  of  NPS  used  in  Ukraine  are  considered.  13 
reactors  of  this  type  (11  reactors  of  a  WWER- 1000 
type,  and  2  of  WWER-440  type)  generate  currently 
up  to  45  %  of  total  energy  in  Ukraine,  so  their 
reliable  operation  is  of  a  great  importance. 

Meanwhile,  the  increased  susceptibility  of  the 
weld  metal  of  girth  welds  of  reactor  vessels  (Fi¬ 
gure  4)  to  radiation  embrittlement  is  a  problem  that 
is  of  a  large  interest  for  pertinent  institutions  both 
in  the  countries  where  such  reactors  are  in  use,  and 
in  other  countries  such  as  the  USA,  Germany,  etc. 
This  problem  is  very  comprehensively  studied  now 
at  the  E.O.Paton  Electric  Welding  Institute  of  the 
National  Academy  of  Sciences  of  Ukraine. 

The  residual  life  of  the  reactor  vessel  taking 
into  account  the  degradation  of  properties  of 
welded  joints  is  specified  by  the  probability  of  at¬ 
taining  the  ultimate  state  at  the  accident  in  the 
course  of  service  of  the  reactor  in  case  of  filling  the 
vessel  with  a  cold  water  (a  thermal  shock).  It  is 
assumed  that  in  the  zone  of  the  welded  joint,  there 
is  a  spectrum  of  single  surface  (semi-elliptic)  cracks 
of  depth  a  ~  0.255  and  length  2/,  where  /  =  (3/2 )a, 
5  is  the  wall  thickness.  For  such  welded  joint,  the 
ultimate  state  is  calculated  on  the  basis  of  advanced 
methods  of  fracture  mechanics  using  a  two-parame¬ 
ter  criterion  [1,  2]: 

Kr<f(Lr ),  (2) 

where  Kr  =  K™Qax  /K\c\  is  the  SIF  at  the  crack 
tip  under  consideration  according  to  the  theory  of 
generalized  normal  break  [11],  i.e.  the  value  K ^ 
is  the  function  of  corresponding  modes  K\,  K\\ , 
Km,  caused  by  service  force  and  thermal  loads 
under  the  accident  conditions,  and  also  modes 
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Figure  5.  Diagram  of  tough-brittle  fracture  at  the  crack  presence  ( a )  and  experimental  data  relative  to  Klc  for  steels  of  WWER 
type  reactor  vessels  (b  -  for  steel  15Kh2MFA  (O)  and  steel  15I<h2MFAA  (X),  solid  line  acc.  to  (6)  at  A  =27,  B  =  38,  C= 
0.02;  c  -  for  steel  15Kh2NMFA,  solid  line  acc.  to  (6)  at  A  =  38,  B  =  17,  C  =  0.028) 


KTiS,  K{iS,  Km,  induced  by  non-relaxed  residual 
stresses  associated  with  the  manufacture  of  the  ves¬ 
sel  (accounting  for  welding,  heat  treatment,  clad¬ 
ding  of  the  inner  surface). 


co 


2  a 


3[  Ku  +  Ku  (sin—  cos  — 


x 


perature  of  accident  condition  with  account  for  a 
degradation  of  properties  during  service.  Com¬ 
monly,  the  type  of  the  function  f(Lr )  for  given 
material  is  defined  experimentally.  According  to 
[1,  2]  for  many  structural  steels  the  relationship 
may  be  used  shown  in  Figure  5,  a 


x  cos  0  +  \K 


(^iii  + 


co  .  _ 
osysin20, 


(3) 


f(Lr)  =  (1  -  0.14  L2r)  [0.3  +  0.7  exp  (-  0.65  l  *  )].<4> 


where  0,  co  are  the  corresponding  angular  coordi¬ 
nates  at  a  definite  point  of  the  crack  tip.  The  maxi¬ 
mum  value  K^q  in  this  point  are  defined  from  (3) 
at  0  =  0*  and  co  =  co*,  that,  in  turn,  are  determined 
by  a  system  of  equations 


^o)9 1  ^coe 

le  =  e*  =  -^cT 


=  =0. 


In  formula  (2)  Lr  =  Gi/cpi  where  a  is  the 
intensity  of  nominal  stresses  in  corresponding 
points  of  the  crack  tip  caused  by  thermal  and  force 
loadings  at  the  given  moment  of  time  t  of  the  ac¬ 
cident  condition;  op  =  1/2 (oy  +  at),  where  ay  is 
the  yield  strength,  at  is  ultimate  strength,  Kic  is 
the  fracture  toughness  of  the  material  at  the  tem- 


It  follows  from  the  above-mentioned  that  the 
most  important  problem  is  the  determination  of 
characteristics  of  a  stress-strain  state,  induced  by 
internal  pressure  and  the  thermal  load  at  the  ther¬ 
mal  shock.  According  to  the  standards  of  Russia 
the  conditions  of  the  thermal  shock  should  corre¬ 
spond  to  the  accident  situation  « Break  of  a  Steam 
Piping  of  a  Steam  Generators  One  of  the  primary 
characteristics  of  the  thermal  shock  is  a  temperature 
of  a  water  flow  near  the  wall  Tw  during  the  acci¬ 
dental  filling  the  reactor  vessel  with  the  water  at 
the  temperature  of  filling  water  rwater  =  55  °C 
(Figure  6).  Based  on  these  data,  the  changes  of 
temperature  T  ( r ,  z ,  |3,  t)  and  thermal  stresses 
&ij  (h  j  =  r,  z,  p)  may  be  calculated  in  various 
parts  of  the  reactor  wall.  If  the  intensity  o;  of  the 
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rw,°c 


Figure  6.  Intensity  of  water  cooling  at  the  reactor  vessel  wall 
during  a  thermal  shock  at  different  distances  from  the  place  of 
water  filling  along  the  reactor  vessel  wall:  □  —  0;  O  —  0.64; 
+  -  2.6;  X  -  3.4  m 

tensor  of  total  stresses  (induced  by  internal  pres¬ 
sure  and  temperature)  oy  =  cjj  +  of)  is  less  than 
0.5op,  then  according  to  the  diagram  in  Figure  5 
and  formula  (4)  f(Lr )  ~  1 ,  i.e.  the  carrying  capacity 
is  defined  mainly  by  the  brittle  fracture  of  by  the 
condition 

CeX  =  Klc.  (5) 

This  condition  is  laid  into  the  ground  of  safety 
rules  of  operation  of  equipment  at  the  NPS  in  Rus¬ 
sia.  Since  for  the  weld  metal  and  for  adjacent  base 
metal  of  the  WWER  type  reactor  vessel  the  value 
<5p  at  temperatures  200  -  100  °C  is  the  ranges  of 
650  -  1000  MPa  [  12],  and  intensity  of  total  stresses 
Ci  can  reach  350  MPa  at  the  surface  (Figure  7), 
that  was  obtained  for  WWER-440  vessel  (weld 
No. 4)  at  changing  the  temperature  Tw  in  Figure  6 
and  pressure  p=  11.7  MPa,  then  condition  (5)  may 
be  non-equivalent  to  (2).  This  should  be  undoub¬ 
tedly  taken  into  account  in  calculations. 

Figure  7  illustrates  the  calculated  values 
Xq0X  =  K\  for  two  characteristic  points  of  a  semi¬ 
elliptical  crack  a  =  35  mm  at  c  =  (3/2 )a.  Rela¬ 
tionships  (1)  have  been  applied.  The  resistance  of 
a  welded  joint  material  to  a  tough-brittle  fracture 
with  allowance  for  characteristics  of  a  stressed  state 
(Figure  7)  according  to  (2)  is  determined  by  values 
Gp  and  Kic *  Under  the  influence  of  neutron  flows 
with  energies  higher  than  0.5  MeV  these  values  are 
changed  in  time  due  to  accumulation  of  the  fluence 
of  neutrons  F.  Most  noticeable  is  decrease  in  values 
K\c,  be.  material  embrittlement  as  a  result  of  a 
neutron  radiation.  Physics  of  this  phenomenon  is 
relatively  complicated  and,  currently,  there  is  no 


Oi,  MPa 


Figure  7.  Results  of  calculation  of  temperatures  T,  temperature 
stresses  c/  and  aL,  coefficients  of  stress  intensity  K^x  and  stress 
intensity  o,  at  different  moments  of  a  thermal  shock  for  tips  D 
(solid  lines)  and  C  (dashed  lines) 

theory,  which  could  describe  it  comprehensively. 
The  experimental  data  show  more  drastic  decrease 
in  Kic  for  weld  metals  having  higher  content  of 
impurities,  in  particular,  phosphorus. 


Table  2.  Values  A Tcr  (°C)  depending  on  type  of  weld  metal  and  fluence 


Fluence  F ■  1022,  N /in2 

1 

8 

27 

64 

125 

216 

345 

Sv-10KhMFT  (P  =  0.39  %,  Cu  =  0.17  %) 

41 

81 

122 

163 

203 

244 

285 

Sv-08I<hGNMTA  (P  =  0.006  %,  Ni  =  1.287  %,  Cu  =  0.1  %) 

8 

8 

11 

47 

88 

100 

102 

Sv-08KhGNMTA  (P  =  0.010  %,  Ni  =  1.5  %,  Cu  =  0.1  %) 

8 

8 

12 

57 

108 

123 

126 
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Table  3.  Dependence  of  value  7" total  on  time  t  of  a  thermal 
shock 


Location 
of  condi¬ 
tional 
crack 

Value  rtotal  CC)  depending 

on  t  (s)  of  a  thermal  shock 

100 

200 

300 

400  500 

600 

c 

301 

247 

254 

239  240 

241 

D 

244 

202 

183 

178  172 

177 

There  is  a  great  problem,  concerning  the  deter¬ 
mination  of  Kic  depending  on  the  fluence  F,  as  the 
sufficiently  reliable  values  K\c  can  be  obtained  only 
on  large  specimens,  that  greatly  reduces  direct 
measurement  of  K\c  for  the  irradiated  material.  In 
practice,  the  large  specimens  are  applied  only  for 
assessing  the  material  properties  in  initial  state. 

Figure  5,  b,  c  shows  typical  results  of  such  tests 
for  steels  15Kh2MFA  (WWER-440)  and 
15Kh2NMFA  (WWER-1000)  of  different  heats 
[12]  depending  on  the  difference  in  temperatures 
T  -  Tcv,  where  Tcr  is  the  critical  temperature  of 
material  brittleness.  According  to  the  acting  stan¬ 
dards  [5],  the  degradation  of  material  properties 
in  service  is  assessed  by  the  shifting  of  ATcr  along 
the  axis  of  temperatures  according  to  the  relation 
K\c  CT).  It  is  assumed  (and  this  is  adopted  in  Rus¬ 
sian  rules  and  in  the  world  practice),  that  the  de¬ 
pendence  of  impact  strength  of  KCV  material  on 
temperature  is  similar  to  K\c  ( T ),  and  their  shifting 
AFcr  is  the  same. 

Thus,  if  for  the  non-irradiated  material 

Kic=A  +  B  exp  [C(T  -  Tcr)],  (6) 

where  A,  B,  C  are  the  constants  obtained  by  pro¬ 
cessing  the  data  presented  in  the  Figure  5 ,  b,  then 
for  the  irradiated  material 


ATcr  =  [220  Ni0'5  +  Cu  +  3400  P  +  39  Ni]  x 

3  (9) 


(F/D)' 


i  +  (j f/d y 


+  8, 


where  D  =  72-10  2  N/m2. 

Table  2  gives  results  of  assessment  calculation 
of  ATcr  according  to  (8)  for  the  weld  metal  Sv- 
lOKhMFT  (WWER-440)  and  according  to  (9)  for 
Sv-08KhGNMTA  (WWER-1000)  depending  on  F. 

Using  the  values  of  A ,  B  and  C  from  ultimate 
conservative  conditions  (envelope  curve  in  Fi¬ 
gure  5,  b )  for  the  relationship  (7)  we  shall  obtain 
for  the  case  of  WWER-440 


K*lc  =  854  +  1201  exp  [0.02  (T  -  Tct  -  (1Q) 

~ATct)1  MPa-mm172. 

Based  on  the  calculation  results  of  values 
K™qx  and  corresponding  temperatures  T  (Fi¬ 
gure  7),  it  is  possible  to  evaluate  the  critical  values 
of  total  Tcr  +  AFcr  from  the  condition  (5)  for  the 
crack  under  consideration 


JCe  -  854  fin 

rtotaI  =  rcr  +  ATcr  =  r-50in^^ — ,  U1) 

where  Ttotal  Is  the  critical  value  Tcr  +  ATcr  from 
the  strength  conditions. 

Table  3  gives  the  values  Ttotal  for  points  C  and 
D  of  a  conditional  crack,  calculated  according  to 
(11)  depending  on  the  time  t  of  a  thermal  shock. 
Thus,  during  the  time  of  a  thermal  shock  t  =  500  s 
the  T total  reaches  minimum  value  172  °C.  Accor¬ 
dingly,  the  allowable  increments  are  determined  as 


[ATcr]  Ttotal  TcrQ, 


K\c  =A  +  B  exp  [C  (T  -  Tcr  -  A Tcr)].  (7) 

The  whole  number  of  experimental  relation¬ 
ships  obtained  on  survey  samples  is  available  which 
associate  A Tcr  and  F. 

An  example  of  such  a  relationship  is  given  in  [9]: 

ATcr  +  Af  (F  10-22)173, 

AF  =  800  (P  +  0.07Cu),  (8) 

where  Ap  is  the  coefficient  of  radiation  embrittle¬ 
ment,  depending  on  the  impurity  contents  (phos¬ 
phorus  and  copper),  %;  F  is  the  flucnce  of  neutrons 
with  energy  F  >  0.5  MeV,  1-10  <F< 

<3-lCT4  N/m  . 

Equation  (8)  gives  rather  close  results  for 
nickel-free  steels  used  in  the  WWER-440  reactor 
vessels. 

For  the  base  metal  and  the  weld  metal  of  type 
WWER-1000  reactors  that  contain  nickel,  at 
TsNIITMASh  the  following  relationship  was  sug¬ 
gested  in  [13]: 


where  7cro  is  the  initial  value  of  a  critical  tempera¬ 
ture  before  radiation. 

Knowing  [A7cr]  it  is  possible  to  evaluate  the 
critical  fluence  F  for  the  given  case  and  residual 
life  of  the  reactor  vessel  from  the  Table  3. 
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NEW  APPROACHES  TO  ASSESSING  THE  WELDED 

JOINTS  LIFE 
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ABSTRACT 

The  calculation  model  for  solving  the  problems  of  welded  joint  life  has  been  formulated.  In  the  proposed  model 
a  welded  joint  is  considered  as  a  heterogeneous  (by  the  physical  and  mechanical  properties)  deformed  solid  with 
a  defect  like  faulty  fusion-crack  that  propagates  under  cyclic  loading  of  a  body.  The  equations  for  estimating  the 
fatigue  crack  growth  rate  were  obtained  on  the  basis  of  the  balance  of  heterogeneous  joint  material  fatigue 
fracture  energy  and  reversive  elastoplastic  deformation  of  the  process  zone  in  the  vicinity  of  the  defect  tip.  The 
fatigue  crack  propagation  direction  with  respect  to  initial  defect  plane  was  established  from  the  condition  that 
this  direction  provides  the  maximum  crack  rate.  The  proposed  model  was  applied  for  assessing  residual  life  of 
the  butt  and  T-joints  and  a  good  correlation  between  the  calculational  and  experimental  data  was  found. 


Key  words:  welded  joints,  fatigue  life,  fatigue,  crack, 
residual  stresses,  material  inhomogeneity,  fracture,  energy 
criterion. 

The  problem  of  welded  joints  strength  especially 
when  subjected  to  the  influence  of  variable  load¬ 
ings,  is  one  of  the  most  urgent.  Such  type  of  struc¬ 
tures  is  widely  used  in  engineering  practice.  A 
welded  joint  always  contains  metallurgical  defects 
(faulty  fusion,  cracks,  heterogeneous  areas  of  ma¬ 
terial,  etc.).  In  the  welded  joint  vicinity,  as  known, 
high  residual  stresses  develop  and  thermal  cycles 
of  welding  cause  the  change  in  the  physical  and 
mechanical  properties  of  the  base  metal  around  the 
weld  [1].  Therefore  in  the  welded  joint  vicinity 
the  following  areas  are  distinguished  by  the  physi¬ 
cal  and  mechanical  properties  of  material  [2  —4]: 
/  -  a  weld  metal  (WM),  II  -  HAZ  and  III  - 
a  base  metal  (BM)  (Figure  1).  At  present  there 
are  different  approaches  to  evaluation  of  the  resi¬ 
dual  life  of  welded  joints,  with  account  of  the  pres¬ 
ence  of  defects  [2-5].  The  known  approaches  usu¬ 
ally  do  not  consider  the  material  inhomogeneity 
around  the  weld  and  thus,  a  certain  discrepancy 
between  the  calculated  and  the  experimental  data 


can  be  found.  In  this  paper,  using  the  results  of 
[6  ~  8],  a  new  approach  to  assessing  the  welded 
joints  life  was  formulated.  It  allows  us  to  take  into 
account  the  material  physical  and  mechanical  pro¬ 
perties  variation  in  the  vicinity  of  the  weld. 

Calculation  model.  Consider  an  elastoplastic 
plate,  weakened  by  a  crack  and  introduce  a  rectan- 


Kfc,MPaVm  ay>  MPa 


Figure  1.  Distribution  of  physical  and  mechanical  charac¬ 
teristics  in  the  vicinity  of  the  10XSND  steel  welded  joint:  h  is 
a  distance  from  the  weld  middle  part  in  the  direction  of  the 
base  metal 
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Figure  2.  A  plate  with  a  crack  ( a )  and  a  plastic  zone  at  the  crack  tip  ( b )  (schematically) 


gular  Cartesian  coordinate  system  Oxy  (Figure  2). 
Let  this  plate  be  subjected  to  cyclic  tension.  In  this 
case  a  certain  cyclic  plastic  zone  of  length  Zpf  is 
formed  at  the  crack  tip  (Figure  2,  b).  As  known 
[9],  Zpf  is  less  than  the  length  of  the  static  plastic 
zone  Zp  and  depends  on  the  stress  ratio  R(R  ~ 
~  Ki  min/ ^1  maxX  while  the  characteristic  length 
/pf  =  0.25(1  -  R)  Zp,  where  Ki  max/^I  min  is 
maximum  and  minimum  value  of  the  stress  intensity 
factor  (SIF)  in  a  cycle. 

Consider  now  the  kinetics  of  fatigue  macrocrack 
growth  rate.  Let  for  AN  number  of  loading  cycles, 
the  original  crack  increase  by  A /  in  the  direction 
that  forms  angle  0  in  the  given  coordinate  system 
(Figure  2,  a).  To  establish  the  equations  of  the 
crack  growth  kinetics,  use  the  energetic  fracture 
criterion  [10  -  12].  This  criterion  presupposes  the 
existence  for  each  material  of  the  critical  value  of 
energy  Wf,  necessary  for  the  elementary  event  of 
material  fracture,  that  is  formation  of  a  unit  of  the 
free  surface  (energy  of  material  fracture).  Thus,  to 
get  the  fatigue  crack  length  increment  A /  for  AN 
loading  cycles,  the  dissipation  of  the  deformation 
energy  in  the  material  at  points  ( x ,  y)  on  the  crack 
growth  path  (  W  =  W{x,  y))  should  be  equal  to 
the  value  of  material  fracture  energy  (  Wf  =  Wf  ( x , 
y)),  i.  e.  crack  growth  proceeds  under  condition 


Figure  3.  Tension-compression  diagram  of  material  in  the  pro¬ 
cess  zone  ( a )  and  a  diagram  model  (6) 


W=Wf.  (1) 

The  character  of  elastoplastic  deformations  of 
the  material  in  the  crack  tip  vicinity,  as  shown  in 
Figure  3,  a,  allows  us  to  write  equation  (1)  as 

Ws  +  ANWC  =  Wf,  (2) 

where  Ws  =  Ws(x,  y)  is  the  energy  of  elastoplastic 
deformations  of  the  material  in  the  first  cycle  of 
the  body  loading  up  to  the  averaged  amplitude 
values  (aa);  Wc=  Wc(x,  y)  is  dissipation  of  plastic 
deformations  energy  for  one  loading  cycle  (starting 
from  the  second  cycle).  Since  during  one  fracture 
event  at  every  point  of  section  A Z  the  maximum 
crack  opening  displacement  8max  at  the  moving 
(forwards  0)  crack  tip  occurs,  the  energy  Ws  can 
be  evaluated  from  the  equation 

Ws  —  8max  (p>  0)  O0  A/, 

X  =  XQ  +  pcose,  (3) 

y  “  Psin0> 

where  go  =  <?o(x,  y)b o  (p,  0)  is  the  averaged  stress 
value  in  the  process  zone  according  to  the  8c-model 
(this  characteristic  of  the  material  is  a  variable  one 
in  case  of  its  heterogeneity);  p,  0  are  polar  coordi¬ 
nates  (Figure  2,  b)  [13].  Cyclic  tension  diagram  is 
modelled  by  the  diagram  for  a  perfect  elastoplastic 
material  (Figure  3,  b).  Assume  that  ao  ~  0.5(ay  + 
+  as),  where  ay  -  Gy(x,  y)  is  yield  strength  and 
Gs  =  os(x ,  y)  is  ultimate  strength  of  the  material. 
During  macrocrack  growth,  the  plastic  zone  at  its 
tip  also  moves  and  the  elementary  material  volume 
at  this  tip  undergoes  all  stages  of  plastic  deforma¬ 
tion,  typical  of  the  plastic  zone  of  length  /pf(/pf  < 
<AZ).  Considering  this  fact  and  using  results  of 
[10]  we  obtain  the  correlation  for  evaluation  of  the 
energy  of  cyclic  deformations  Wc 

lpi 

Wc  =  J  o0  (5,  6)  A5  (s,  0)  ds,  (4) 

o 
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Figure  4.  A  welded  joint  with  a  faulty  fusion  and  comparison 
of  the  calculational  (♦)  and  experimental  (□)  [20]  data  of 
the  residual  life  ( Nd )  (schematically) 

where  A8  (s,  0)  =  Smax  (p,  0)  -  80  (p,  9)  is  the  am¬ 
plitude  of  the  model  crack  opening  according  to 
8c-model  [13]  at  point  s  of  the  plastic  process  zone 
(0  <  s  <  Zpf); 


=  max  (5  .  ,  8  ,  Sf. ), 


5  .  =  [1 

rain  L 


0.5  (1 


op'  th; 

2 

R)  ]  5  (p,  0), 

'  J  max  vr’  n 


(5) 


where  8max>  8min  are  maximum  and  minimum  crack 
tip  opening  displacements  in  a  cycle;  5op  is  the 
residual  crack  opening  displacement  [9];  5th  is  the 
threshold  crack  tip  opening  displacement  80  (at 
8max  ^  5th  the  crack  does  not  propagate). 

The  energy  of  material  fracture  Wf,  needed  for 
creation  of  the  crack  area  of  length  A/,  is  defined 
as  Wf  =  pyA /,  where  y  is  specific  energy  of  fracture 
of  the  given  volume  of  the  material,  i.  e.  necessary 
for  formation  of  a  unit  of  the  crack  length;  P  is  a 
Morrow’s  coefficient  [14],  that  shows  the  diffe¬ 
rence  between  cyclic  and  static  fracture  energy,  it 
f0  sY 

is  determined  as  p  =  .  Specific  fracture  energy 

v  / 

is  determined  by  the  equation 

y  =  aoSc, 

where  5C  =  5c(x,  y)  is  a  value  of  critical  fatigue 
crack  opening  displacement  and  Go  =  <^o(^  #).  In 
this  case  we  get 


Wf  =  p  0O  5C  A/. 


(6) 


By  substitution  of  (3) ,  (4)  and  (6)  into  equation 
(2),  get  the  following  relationship: 


A l  g0  5max  (0,  0)  +  AN  J  oQ  (s,  0)  AS  (5,  0)  ds  = 
o 

=  p  A/  a0  8c. 

Thus,  it  is  easy  to  find  that 
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Figure  5.  A  welded  joint  with  a  faulty  fusion  at  different  values 
of  a;  (i  =  1  -  4)  and  comparison  of  the  calculational  (lines  /  - 
4 ,  respectively)  and  experimental  (points)  [20]  residual  life 
data  at  a,  =  0.17  -  0.20;  a2  =  0.26  -  0.31;  a3  =  0.44  ~  0.49 


J  Oq  (6)  A5  (s,  0)  ds 

A  l _ 0 _ 

AAT  _  P  o0  (0)  5C  -  0O  (^)  ^max  (flj 

Putting  AN  0  in  this  equation,  get  the  kinetic 
equation  for  assessing  the  crack  growth  rate  (v  = 
=  v(p,  0))  under  cyclic  loading  of  a  body 

'Pf 

J  0O  (0)  A5  (5,  0)  ds 


^  P0O  (0)  5C  -  0O  (0)  5max  (0,  0)‘ 

Note  that  the  rate  v  depends  on  the  orientation 
angle  0  of  fatigue  crack  growth  with  respect  to  the 
chosen  system  of  coordinates  (Figure  2,  b). 

Let  0  =  0*  be  the  angle  between  the  crack  propa¬ 
gation  direction  about  the  abscissa  of  the  chosen 
coordinate  system  (Figure  2).  Since  we  further  as¬ 
sume,  that  the  crack  propagates  in  the  direction  of 
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Figure  7.  A  path  of  crack  propagation  from  a  faulty  fusion  tip 


the  maximum  rate,  i.  e.  (dv/d  0  =  0  at  0  =  0*), 
then  from  equation  (7)  we  get  the  second  kinetic 
equation  for  evaluation  of  the  crack  propagation 
direction 


/ 


pf 


a 


J  ct0  (6)A8  (s,  0)  ds 

_ 0 _ 

^a0  (0)  5C  -  a0  (0)  6 

max  (0?  Q)  J 


(8) 


at  0  =  0*. 

To  get  equations  (7)  and  (8)  it  is  necessary  to 
add  the  initial  and  terminal  conditions,  namely 

AT  =  Oat /  =  /<>,  AT  =  Afdat  /  =  /*,  (9) 

where  /*  is  the  critical  crack  length,  achieved  for 
Nd  loading  cycles  and  is  determined  by  the  criterion 
of  critical  crack  opening  displacement  [15] 


Table  1.  Physical  and  mechanical  characteristics  of  the  mate- 


rial  of  different  areas  of  St. 3  steel  welded  joint 


Welded  joint 
area 

oy,  MPa 

c*t ,  MPa 

MPadm 

WM 

250 

490 

35 

HAZ 

167 

388 

23 

BM 

194 

446 

27 

Butt  welded  joints.  Consider  an  St. 3  steel  butt 
welded  joint,  produced  by  submerged-arc,  process 
with  OSTs-45  flux  and  Sv-08A  wire,  with  a  faulty 
fusion  of  a  length  a  (see  chart  in  Figures  4  and  5). 
Distribution  of  the  physical  and  mechanical  cha¬ 
racteristics  of  the  welded  joint  material  is  presented 
in  Table  1  [16].  A  welded  structure  (plate)  is  sub¬ 
jected  to  cyclic  tension  by  the  maximum  stresses 
of  intensity  p ,  and  stress  ratio  of  the  external  load¬ 
ing  is  R  =  =  0.1 .  It  is  necessary  to  determine 

Pmax 

the  kinetics  of  the  fatigue  crack  path  and  evaluate 
the  residual  life  of  the  welded  joint  at  different 
values  of  stresses  p ,  and  also  the  ratio  a  =  a/b  (see 
Figures  4  and  5). 

When  solving  this  problem,  first  of  all,  the  dis¬ 
tribution  of  residual  stresses  in  the  welded  joint 
zone  was  evaluated  using  the  calculational  test 
method  [16]  (Figure  6).  For  the  given  problem, 
equations  (7)  and  (8)  of  the  model  are  written  as 


o.ot 

f 

Cid<b  ^2  ..  J 

1  +  rj  K]  sin  8 

Oo 

-Kl 

Cldco  2  ■ 

1  H - o“  Ko  sin  0 

<?o 

Oo 

(11) 


\kU 

0.01 

og 

\ 

na*  sin  0  “  Ko 

(  J  w 

1  +  Ko  sin8 

Go 

Oo 

j 

where 


^max(7*)  —  5fc  (x,  y). 


(10) 


So,  kinetic  equations  (7),  (8)  and  conditions 
(9),  (10)  determine  the  calculation  model  for  in¬ 
vestigation  of  the  subcritical  fatigue  crack  growth 
in  heterogeneous  plates.  Below  the  results  of  the 
proposed  model  usage  for  calculations  of  residual 
life  of  the  butt  and  T-joints  are  presented. 


ci  =  0.663;  c0  =  0.6  (1  ~\T) 


2(1  +  p)  (1  +  rp  qQ 
3  V  r\E 


y\ 


p  is  Poisson’s  coefficient;  r\  is  the  coefficient  of 

strain  hardening  of  the  material;  d  =  c°  — » 

dy 

according  to  equation  (5)  Ko  =  max(Ki  min,  iCop, 
Kth). 

Using  the  method,  proposed  in  [17,  18]  for 
evaluation  of  the  SIF  at  the  curvilinear  cracks, 
these  equations  were  numerically  solved  by  M.V. 


x,  m 


Figure  8.  X-joint  with  a  faulty  fusion  ( a )  and  a  path  of  fatigue 
crack  growth  from  this  faulty  fusion  (6) 


Figure  9.  Distribution  of  residual  normal  (a)  and  tangential 
( b )  stresses  in  the  region  of  E355  steel  T-joint 
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Figure  10.  Comparison  of  the  life  (Nd)  of  X-joint,  using  cal¬ 
culation  (solid  line)  and  large-scale  testing  (points)  [20]  data 
for  E355  steel 

Lishchynska  and  the  shape  of  the  crack  path  for 
this  problem  has  been  obtained  (Figure  7).  The 
residual  life  (A/d)  of  the  structure  was  estimated 
by  the  known  [19]  formula 

Na  =  jv  xdl}  (12) 

^0 

where  the  fatigue  crack  growth  rate  v  is  found  from 
equation  (11). 

Calculational  data  obtained  from  (11)  and  (12) 
are  compared  with  the  results  of  large-scale  testing 
of  the  same  joints  as  presented  in  [20]  (see  Fi¬ 
gures  4  and  5). 

X-joints.  Consider  the  X-joints  with  incom¬ 
plete  faulty  fusion  of  length  a  in  one  of  the  elements 
(Figure  8).  The  joint  is  made  of  E355  steel,  the 
physical  and  mechanical  characteristics  of  the  ma¬ 
terial  of  its  different  areas  are  given  in  Table  2 
[16].  A  structure  with  a  corresponding  joint  is  cy¬ 
clically  tensioned  by  the  maximum  intensive  forces 
p ,  and  the  stress  ratio  of  the  external  loading  R  = 
=  0.1 .  It  is  necessary  to  find  the  fatigue  crack  path 
kinetics  and  to  plot  the  curve  of  the  residual  life 
caused  by  stresses  p. 

For  the  given  problem,  the  distribution  of  re¬ 
sidual  (normal  ay  and  tangential  Txy)  stresses  in 
the  T-joint  region  is  evaluated  using  the  calculation 
test  method  [16]  and  is  shown  in  Figure  9. 

When  solving  equations  (11),  (12),  the  SIF 
value  was  approximately  calculated  [17,  18],  tak¬ 
ing  into  account  the  above-mentioned  residual 
stresses.  A  path  of  fatigue  crack,  growing  from  the 
right  tip  of  the  faulty  fusion,  calculated  by  the 
proposed  model,  is  presented  in  Figure  8,  b.  A 
period  of  subcritical  fatigue  crack  growth  was 
evaluated  for  different  values  of  tensile  stress  p, 
using  equations  (11)  and  (12)  and  is  shown  in 
Figure  10  by  a  solid  line.  The  same  figure  also 
illustrates  the  experimental  results,  designated  by 
points  [20].  The  comparison  of  the  theoretical  and 
experimental  results  shows  good  correlation. 

The  analysis  of  the  data  in  Figures  4,  5  and  10 
allows  us  to  draw  a  conclusion  that  the  calculation 
values  of  the  residual  life  agree  well  with  experi¬ 
mental  results.  Thus,  we  can  speak  about  the  cor¬ 
rectness  of  the  usage  of  the  proposed  calculation 


Table  2.  Physical  and  mechanical  properties  of  different  areas 
of  E355  steel  welded  joints _ 


Weld  zone 

ay,  MPa 

at,  MPa 

Kfc  >. — 
MPasm 

WM 

579 

680 

62 

HAZ 

395 

540 

41 

BM 

449 

620 

48 

model  for  solving  of  the  problems  about  the  life  of 
structural  elements  made  of  heterogeneous  (by 
their  physical  and  mechanical  properties)  materi¬ 
als,  like  welded  joints. 
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ABSTRACT 

New  approaches  to  evaluation  of  the  condition  of  welded  structures  in  service  are  considered.  Shown  is  the  need 
to  apply  the  technology  of  structure  diagnostic  based  on  100  %  control  of  materials  and  structures  which  makes 
it  necessary  to  implement  a  package  of  measures  including  use  of  special  diagnostic  systems  and  equipment, 
procedures  of  their  application  and  standards  which  regulate  this  work. 


Key  words:  technical  diagnostics,  non-destructive  test¬ 
ing,  residual  life,  operability,  load-carrying  capacity,  struc¬ 
ture  testing,  monitoring. 

Evaluation  of  the  condition  of  the  structures  in 
service  should  be  based  on  information  on  the  de¬ 
fects  present  in  them,  features  of  the  kinetics  of 
their  propagation  and  development.  The  task  is 
rather  complicated,  as  its  solution  is  related  to  the 
need  of  not  only  revealing  the  defects,  but  also  to 
their  efficient  interpretation.  This  is  further  com¬ 
plicated  by  the  fact  that  the  destructive  processes 
can  proceed  in  such  areas  of  the  structure  which 
are  usually  not  subjected  to  selective  control. 
Evaluation  should  also  take  into  account  the  fea¬ 
tures  of  the  structure  material,  conditions  of  its 
service  and  the  time  it  has  operated  since  the  mo¬ 
ment  it  was  put  into  service. 


KCV,  J/cm2 


Figure  i.  Change  of  impact  toughness  of  steels  with  time:  1  — 
09G2S;  2  -  steel  20;  3  -  14KhGS;  4  -  19G;  5  -  17GS; 
6  —  17G1S \  7,  8  —  normal  and  critical  KCV  levels,  respec¬ 
tively 


As  can  be  seen  from  Figure  1 ,  the  steel  service 
life  is  not  unlimited,  although  in  individual  cases 
it  is  more  than  120  years. 

Elaboration  of  the  appropriate  control  stan¬ 
dards  based  on  the  traditional  approach  is  rather 
difficult  in  view  of  the  need  of  allowing  for  a  quite 
large  number  of  factors  influencing  the  conditions 
of  the  defect  propagation  and  development,  which 
does  not  seem  possible.  On  the  other  hand,  practical 
activity  is  making  this  task  ever  more  urgent.  Its 
solution  should  envisage  provision  of  long-term 
service  and  possibility  of  repairing  a  structure  pro¬ 
ceeding  from  its  actual  condition. 

One  of  the  ways  of  solving  this  problem  is  the 
use  of  a  comparatively  new  method  based  on  analy¬ 
sis  of  elastic  waves  generated  in  materials  during 
their  structure  transformation  under  deformation. 
The  method  automatically  provides  100  %  control 
of  the  plants.  It  is  not  susceptible  to  the  conditions 
of  measurement  shade,  as  the  elastic  wave  gene¬ 
rated  during  propagation  of  a  defect,  in  any  case 
reaches  the  acoustic  sensor,  no  matter  where  it  is 
mounted.  The  method  can  be  successfully  used  to 
detect  acoustic  pulses  and  determine  their  co-ordi¬ 
nates. 

More  difficult  is  evaluation  of  the  information 
received  from  the  object  together  with  the  defor¬ 
mation  waves.  This  means  that  forecasting  the 
structure  condition  and  evaluation  of  its  residual 
life,  are  difficult.  Difficulty  of  evaluation  of  the 
deformation  waves  is  related  to  the  lack  of  the 
general  engineering  understanding  of  the  method 
metrology  which  is  based  on  the  quantum  fracture 
mechanics.  However,  its  current  level  of  develop¬ 
ment  docs  not  allow  such  work  to  be  performed, 
although  it  permits  a  large  number  of  problems  to 
be  solved. 

According  to  the  forecast,  it  is  anticipated  that 
the  theory  of  the  new  method  for  practical  appli¬ 
cation,  will  be  constructed  only  by  the  year  2010. 
So  far  provision  of  safe  service  of  the  structures 
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Figure  2.  Block  diagram  of  Technical  Committee  TK-78 

requires  the  application  of  individual  approaches 
using  acoustic  emission  (AE)  method. 

The  equipment  applied  for  diagnostic  purposes 
should  be  based  on  AE  method.  On  the  other  hand, 
other  data  on  the  controlled  plant  should  be  also 
used.  In  other  words,  the  so-called  material  state 
vector  (MSV)  should  be  formed,  which  determines 
the  capabilities  of  the  structures  in  service.  The 
performance  of  the  method  and  the  used  equipment 
is  based  on  the  correspondence  between  the  AE 
events  recorded  by  the  equipment  and  those  which 
run  in  the  materials  during  their  deformation.  This 
constitutes  the  main  feature  and  goal  of  the  ap¬ 
proach.  Its  partial  solution  and  implementation  of 
the  investigation  results  into  the  actual  commercial 
equipment  took  us  15  years. 

The  performed  work  permitted  us  to  make  the 
equipment  a  really  diagnostic  system,  namely  it 
began  identifying  and  evaluating  the  events  related 
to  the  processes  of  material  fracture.  Metrological 
certification  of  such  instruments  and  their  applica¬ 
tion  procedures  are  based  on  a  well-proven  proto¬ 
type.  This  way,  commercial  production  of  the 
equipment  duplicates  is  ensured. 

However,  all  the  above-said  is  obviously  insuf¬ 
ficient  for  effective  application  of  the  equipment 
in  practice.  The  following  measures  should  be 
taken: 

elaboration  of  codes  and  standards  on  the  tech¬ 
nical  diagnostic  procedure  suitable  for  the  method; 


Figure  3.  Chart  of  experts  training  (n  —  number  of  trained 
experts) 


Direction 


Figure  4.  Tested  section  of  355  x  8  mm  pipe  of  steel  20  of  a 
product  pipeline:  1  —  2500  mm  wide  test  pit;  2  —  car  road; 
3,  6  —  AE  transducers  in  zonal  detection  mode;  4,  5  —  same, 
linear  array;  7  —  pressure  regulation  gate 

training  and  certification  of  personnel  perform¬ 
ing  control  of  the  condition  of  structures  in  service 
with  the  aim  of  their  mastering  new  control  tech¬ 
nologies; 

certification  of  the  units  and  laboratories  per¬ 
forming  technical  diagnostic. 

In  Ukraine  this  large  scope  of  work  is  carried 
out  by  the  Technical  Committee  on  Technical  Di¬ 
agnostic  and  NDT  which  is  stationed  at  the  E.O. 
Paton  Electric  Welding  Institute.  The  Committee 
was  set  up  by  the  National  Academy  of  Sciences  of 
Ukraine,  State  Standardization  and  State  Labour 
Safety  Organizations  (Figure  2). 

The  Committee  developed  a  number  of  measures 
which  will  permit  solving  the  problem  of  ensuring 
safe  service  of  structures.  The  greatest  achievement 
in  the  sequence  of  these  measures  was  development 
of  a  package  of  state  standards  which  regulate  the 
following  aspects  of  the  inspectors’  actions  when 
performing  work  on  evaluation  of  the  structure  con¬ 
dition: 

technical  diagnostic  (requirements  to  personnel 
and  procedure  of  their  certification); 

pressure  vessels  and  pipelines  (general  technical 
requirements); 

requirements  to  laboratories  and  procedure  of 
their  accreditation; 

requirements  to  personnel  training  and  certifi¬ 
cation  centers  as  well  as  the  procedure  of  their 
accreditation; 

boilers,  pressure  vessels  and  pipelines  (AE 
method  of  control). 

The  Committee  includes  the  National  Certifi¬ 
cation  Center  (NCC)  which  performs  training  and 
certification  of  specialists  (Figure  3),  as  well  as 


Figure  5.  Arrangement  of  AE  transducers  on  a  pipe  of  a  product 
pipeline 
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0  105  211  316  422  527  632  738  843  949  t,  s 

Figure  6.  Change  of  MSV  parameters  in  the  zone  of  control  of 
transducer  3:  1  —  total  value  of  AE  pulse  amplitudes;  2  —  AE 
pulses  distribution  in  time;  P  —  internal  pressure 

assessment  of  the  technical  expertise  of  the  diag¬ 
nostic  laboratories.  More  than  900  specialists  have 
been  trained  during  the  period  of  the  Committee 
functioning.  Note  that  NCC  attention  is  focused 
on  practical  introduction  into  diagnostic  control  of 
the  methods  which  evaluate  the  actual  residual  life 
of  the  structures,  allow  reliable  enough  tracing  of 
the  changes  in  the  structure  of  materials  during 
their  deformation  under  working  loads.  Diagnostic 
systems  of  EMA2,  EMA3  and  EMA3M  type  deve¬ 
loped  to  the  level  of  effective  application,  primarily 
belong  to  the  equipment  implementing  these  me¬ 
thods.  They  permit  sufficiently  reliable  evaluation 
of  the  structure  condition  during  operation,  giving 
timely  warning  about  development  of  dangerous 
zones. 

Diagnostic  systems  which  can  operate  in  the 
mode  of  continuous  monitoring  of  structures  are 
becoming  especially  important.  They  permit  taking 
the  structures  out  of  the  critical  condition,  control¬ 
ling  the  process  of  operation  in  the  pre-  and  critical 
conditions. 

The  PWI  is  actively  introducing  the  developed 
procedure  and  equipment  in  the  industrial  facilities 
of  Ukraine,  Russia  and  Poland.  Over  the  last  10 
years  they  have  been  applied  for  testing  more  than 
700  structures  of  the  petrochemical  and  processing 
industry,  structures  of  gas  and  petroleum  product 
lines  and  power  generation  industry. 

Note  that  performance  of  inspection  and  diag¬ 
nostic  work  with  the  application  of  EMA  type 
equipment  does  not  require  removing  from  the 
structure  the  insulation,  foundations,  supports  or 
other  obstacles  which  usually  hinder  performance 
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of  AE  source  cluster;  S(X )  is  the  error  of  determination  of  AE 
information  cluster  co-ordinates;  N  is  the  total  number  of  AE 
events  in  the  cluster. 


of  control  operations  with  the  traditional  methods. 
In  order  to  conduct  100  %  analysis  of  the  item 
material  condition,  it  is  sufficient  to  make  small 
shafts  for  mounting  acoustic  sensors. 

As  a  second  example  of  EMA3  equipment  ap¬ 
plication,  let  us  consider  control  of  an  underground 
part  of  a  product  line  of  355  mm  diameter  (Fi¬ 
gure  4).  Steel  with  ultimate  strength  of  470  MPa 
and  yield  point  of  290  MPa  was  selected  for  making 
the  pipe.  In  order  to  evaluate  the  condition  of  the 
pipeline  material,  the  acoustic  transducers  were 
mounted  at  80  m  distance  from  each  other  in  the 
bared  sections  of  the  pipes.  Transducers  3  and  6 
operated  in  the  mode  of  zonal  detection,  controlling 
the  pipe  surface  at  100  m  distance  to  the  left  and 
to  the  right  of  the  transducer,  respectively. 
Transducers  4  and  5  operated  in  the  mode  of  linear 
detection  with  80  m  base. 

Figure  5  shows  transducers  3  and  4  mounted  on 
the  pipe  surface. 

The  Table  gives  information  on  AE  clusters  in 
the  pipe  section  0  to  80  m  long.  One  can  see  that 
diagnostic  information  is  uniformly  enough  distri¬ 
buted  along  the  pipe  length. 

Figure  6  gives  information  on  the  pipe  MSV 
changing  its  parameters  in  time  in  the  control  zone 
at  pressure  rise  from  4.3  up  to  5.2  MPa. 

In  our  opinion,  the  experience  of  Ukraine  can 
be  used  in  development  of  the  technology  of  safe 
service  of  structures,  provision  of  the  conditions  of 
effective  operation  of  equipment  and  solving  the 
most  important  task  of  to-day,  namely  protection 
of  the  environment. 
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ABSTRACT 

The  paper  presents  some  recent  developments  in  the  field  of  non-destructive  testing,  promising  directions  of  NDT 
as  a  basis  for  technical  diagnostics  of  metal  structures  which  have  been  in  service  for  a  long  time,  new  technological 
capabilities  in  computerisation  of  the  NDT  process.  The  role  of  Ukrainian  Society  of  NDT  and  Technical  Diagnostics 
is  shown. 


Key  words:  non-destructive  testing,  technical  diagnos¬ 
tics,  metal  structures,  defects,  ultrasonic  testing,  computeri¬ 
sation. 

Potential  scope  of  application  and  organisation 
of  NDT  activity  in  Ukraine.  In  Ukraine  great  im¬ 
portance  is  traditionally  attached  to  application  of 
the  methods  of  NDT  of  quality  in  all  the  major 
industries. 

In  the  industrial  complex  of  FSU  technical  in¬ 
spection  was  organised  by  industries.  Each  ministry 
had  its  own  research  institutes.  As  a  rule,  one  of 
them  was  entrusted  by  the  Ministry  to  set  up  an 
NDT  department,  as  the  leading  one  for  this  indus¬ 
try,  which  provided  scientific  and  technological 
guidance  in  solving  NDT  problems,  developed  in¬ 
dustry  codes,  supervised  NDT  performance  in  the 
enterprises. 

Many  of  the  enterprises  have  still  preserved  cen¬ 
tral  factory  laboratories,  one  of  the  functions  of 
which  is  organisation  (performance)  of  NDT.  The 
majority  of  industrial  institutes  are  now  located 
outside  Ukraine.  Therefore,  development  of  the 
specific  procedures  and  equipment  for  NDT  is  cur¬ 
rently  conducted  by  the  institutes  of  the  National 
Academy  of  Sciences  of  Ukraine,  higher  educa¬ 
tional  establishments,  laboratories  of  the  major  in¬ 
dustrial  associations  and  private  companies. 

Since  the  main  producers  of  flaw  detection 
equipment,  like  some  industry  institutes,  are  now 
outside  the  country,  new  companies  appeared 
which  deliver  and  produce  flaw  detectors,  thickness 
gauges  and  other  instruments  required  for  NDT 
performance. 

The  role  of  the  Ukrainian  Society  for  Non-de¬ 
structive  Testing  and  Technical  Diagnostics  (US 
NDTTD)  has  become  more  important,  the  Society 
annually  holding  about  five  subject-  or  industry- 
oriented  conferences  in  Ukraine.  Subject-oriented 
seminars  in  Slavskoye,  Yalta,  Ivano-Frankovsk, 
Kiev  and  Dnepropetrovsk  have  become  a  tradition. 
The  3rd  Scientific-Technical  Conference  on  Tech- 
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nical  Diagnostics  and  NDT  in  Ukraine  was  held  in 
May,  2000  in  Dnepropetrovsk. 

US  NDTTD  is  one  of  the  founders  of  the  Euro¬ 
pean  Federation  of  Non-destructive  Testing  (EF 
NDT).  A  number  of  bilateral  agreements  on  Coo¬ 
peration  have  been  signed  with  similar  societies  in 
Russia,  Belarus,  Khorvatia,  Poland,  Czechia,  Ca¬ 
nada,  Germany,  Great  Britain,  Denmark,  Italy, 
USA,  etc.  The  Society  participates  in  the  meetings 
of  the  working  groups  of  the  Federation,  in  prepa¬ 
ration  of  the  World  NDT  Congress  to  be  held  in 
October,  2000. 

Six  accredited  certification  centers  are  currently 
operating  in  Ukraine  (in  Kiev,  Kharkov, 
Dnepropetrovsk,  Zaporozhje,  Lvov  and  Ivano- 
Frankovsk)  performing  certification  of  NDT  per¬ 
sonnel.  The  most  well-known  of  them  is  the  NDT 
Certification  Center  at  the  E.O.  Paton  Electric 
Welding  Institute  which  was  the  first  to  be  granted 
(already  in  1990)  a  licence  by  the  USSR  National 
Certification  Committee  (NCC)  for  certification  of 
NDT  experts. 

NCC  of  Ukraine  is  active  in  EF  NDT  working 
group  on  improvement  of  the  main  European  stan¬ 
dard  EN  473  as  regards  certification  of  NDT  per¬ 
sonnel. 

Some  recent  developments  in  NDT.  In  the  field 
of  acoustic  methods  of  NDT,  automated  units  for 
ultrasonic  testing  (UT)  of  the  quality  of  longitu¬ 
dinal  welds  on  large-diameter  pipes  with  a  separate 
recording  of  defects  in  the  weld  and  the  HAZ  have 
been  developed  and  introduced  in  the  pipe  and  me¬ 
tallurgical  works.  The  speed  of  control  with  such 
units  is  up  to  20  m/min.  Control  is  performed  by 
6  to  8  probes.  Each  channel  has  a  module  of  auto¬ 
matic  marking  of  the  defective  sections.  The  fol¬ 
lowing  system  permits  the  distance  between  the 
probes  and  the  weld  axis  to  be  maintained  with 
the  accuracy  of  up  to  2  mm.  Ultrasonic  waves  are 
applied  to  the  metal  by  means  of  a  local  pool. 
Application  of  different  probes  allows  the  kind  and 
orientation  of  the  defects  to  be  determined  and 
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control  validity  to  be  improved.  NIC- 18  type  unit 
performs  automatic  UT  (AUT)  of  pipes  of  478  to 
1020  mm  diameter  and  8  to  32  mm  wall  thickness 
in  the  production  flow  and  in  the  pipe  bases.  The 
unit  offers  a  number  of  indubitable  advantages  over 
the  foreign  analogues  in  terms  of  technology,  for 
instance,  accuracy  of  following  the  axis  of  a  weld 
of  a  complex  geometry,  couplant  consumption,  etc. 
The  most  significant  advantage,  however,  is  sepa¬ 
rate  recording  of  the  defects  of  the  weld  metal  and 
the  HAZ. 

A  pilot  automated  unit  of  NIC-143  type  was 
developed  for  AUT  of  flash-butt  welded  joints 
with  difficult-to-reveal  defects  of  the  type  of 
sticking,  oxide  films,  etc.  The  unit  operation  is 
based  on  the  procedure  of  statistical  processing 
of  ultrasonic  information  with  adaptive  selection 
of  the  rejection  threshold.  In  this  case,  the  re¬ 
jection  level  corresponding  to  the  anomalies  of  a 
butt  welded  joint  is  determined  statistically  by 
recording  all  the  signals  reflected  from  the  weld, 
without  application  of  the  traditional  calibration 
by  reference  blocks. 

In  order  to  detect  low-reflectivity  defects 
against  the  background  of  structural  noise  in  the 
items,  mathematical  models  of  wave  field  and  al¬ 
gorithms  of  defect  detection  and  identification  in 
automated  control  were  developed.  These  develop¬ 
ments  formed  a  basis  for  creation  of  a  multi-channel 
NK-164  type  unit  controlled  by  a  microcomputer 
according  to  a  program  providing  selection  of  the 
main  parameters  of  the  system  (quantity  and  se¬ 
quence  of  channels  switching  on,  delay  and  dura¬ 
tion  of  gates  for  each  channel,  echo-pulse  gains, 
etc.).  The  same  program  processes  the  UT  results, 
namely  calculates  the  adaptive  detection  threshold, 
determines  the  conditional  dimensions,  location 
and  kind  of  defects.  All  the  required  information 
is  displayed  and  stored  on  floppy  magnetic  discs. 

The  reactors  of  a  nuclear  power  station  (NPP) 
are  maintained  in  the  operable  condition  by  con¬ 
ducting  periodic  preventive  repair  operations, 
based  on  the  results  of  NDT  and  technical  diagnos¬ 
tics.  The  effectiveness  of  the  preventive  measures 
obviously  greatly  depends  on  the  accuracy  and  va¬ 
lidity  of  the  data  derived  in  NDT. 

The  PWI  developed  N193  system  for  AUT  of 
circumferential  welds  of  the  piping  of  NPP  primary 
circuit.  In  this  system  an  eight-channel  acoustic 
module  is  displaced  by  an  easily  detachable  two- 
coordinate  scanning  mechanism,  with  up  to 
25  m/min  speed.  The  system  of  control,  process¬ 
ing,  recording  and  displaying  of  UT  data  is  imple¬ 
mented  in  AWS-350  industrial  computer  and 
20  MHz  ADC  of  «Advantech»  company. 

HI 93  system  provides  remote  control  of  circum¬ 
ferential  welded  joints  and  determines  the  defect 
properties.  The  results  of  its  operation  on  the  piping 
of  the  main  circulating  pump  of  RBMK-1000  reac¬ 


tor  of  the  Chernobyl  NPP  confirmed  the  techno¬ 
logical  effectiveness  of  the  system. 

The  versatility  of  the  developed  flaw  detection 
equipment  allowed  it  to  used  as  a  basis  for  creation 
of  equipment  for  AUT  of  the  weld  and  the  base 
metal  of  the  posts  of  the  upper  circuit  of  process 
channels  of  RBMK-1000  reactor  and  other  NPP 
equipment. 

In  order  to  perform  fast  control  of  the  quality 
of  welded  joints  of  metal  structures  in  the  field, 
the  PWI  developed  a  portable  flaw  detector  based 
on  samarium-cobalt  permanent  magnets  of  EM-2 
type,  designed  for  continuous  magnetisation  of  ex¬ 
tended  butt  welded  joints  and  sections  of  items  of 
ferromagnetic  materials  in  site  and  under  the  con¬ 
ditions  when  power  supply  is  difficult  or  undesir¬ 
able.  EM-2  device  is  made  in  the  form  of  a  magnetic 
wheel  pair  with  a  common  magnetic  axle  which 
carries  a  handle  of  a  nonmagnetic  material,  thus 
allowing  the  item  to  be  magnetised  in  any  position 
in  space.  The  device  is  safe  in  operation,  does  not 
need  power  supply,  is  reliably  held  on  the  control¬ 
led  plant  by  the  strength  of  the  permanent  magnet 
field  to  prevent  its  random  separation  from  the 
plant.  On  the  other  hand,  it  is  easy  to  take  off  from 
the  surface  being  controlled  by  turning  the  handle 
by  180°  relative  to  the  magnetic  axle.  This  device 
served  as  a  basis  for  setting  up  the  production  of 
portable  flaw  detectors  of  MAGEKS  type  for  mag¬ 
netic  particle  inspection  in  the  field. 

Over  the  last  years  procedures  have  been  deve¬ 
loped  for  NDT  of  various  coatings,  ceramic,  com¬ 
posite  and  non-metallic  materials.  The  procedures 
for  determination  of  defects  location  in  welded 
joints  of  polyethylene  pipes  became  the  most  widely 
accepted  of  these  developments.  Defects  of  the  type 
of  cracks,  lacks-of-penetration,  blowholes,  pores 
and  lacks-of-fusion  are  found  in  polyethylene  due 
to  UT  application.  Features  of  UT  of  welded  joints 
of  polyethylene  pipes  with  application  of  echo- 
pulse  and  echo-mirror  methods,  as  well  as  the  dif¬ 
fracted  wave  method  were  studied.  Comparative 
analysis  of  UT  results  and  the  data  of  destructive 
tests  confirmed  the  high  validity  of  detection  of 
different  types  of  defects  in  polyethylene. 

Promising  trends  of  NDT  as  a  basis  for  tech¬ 
nical  diagnostics  of  metal  structures  operating 
for  a  long  time.  One  of  the  quickly  developing 
areas  is  computerisation  of  the  NDT  process  and 
improvement  of  the  flaw  detection  technology. 
Computer  processing  allows  visualisation  of  con¬ 
trol  results,  an  essential  improvement  of  the  vali¬ 
dity  of  the  test  results,  processing  of  large  data 
bulks,  and  development  of  fundamentally  new 
NDT  technologies.  The  advantages  of  such  flaw 
detectors  over  other  samples  of  similar  equipment 
are  as  follows: 
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ability  to  memorise  the  shape  of  the  acoustic 
signal,  its  spectral  analysis  with  a  high -resolution 
separation  of  the  received  signals; 

statistical  processing  of  information  in  the  prac¬ 
tically  real  time  with  plotting  of  appropriate 
graphs; 

application  of  the  method  of  synthesised  focal 
aperture  (SuperS AFT); 

implementation  of  the  method  of  defect  sizing 
by  the  time  interval  between  the  acoustic  waves 
diffracted  at  its  edges  in  probing  with  a  wide  beam 
(TOFD  method),  etc. 

In  the  latter  case  defect  orientation,  damping 
in  the  material,  and  quality  of  acoustic  contact 
influence  the  control  results  much  less  than  with 
the  echo-pulse  and  other  regular  methods.  The 
TOFD  method  enables  detection  and  evaluation  of 
parameters  of  defects  in  the  joints  made  by  flash- 
butt  welding,  electron  beam  and  other  welding 
processes  in  which  flaw  detection  is  difficult.  Such 
flaw  detectors  were  used  for  investigation  of  ce¬ 
ramic  materials,  plastics  and  composites.  Ceramics 
has  been  widely  used  lately  as  an  alternative  ma¬ 
terial  due  to  its  low  specific  weight,  high  corrosion- 
and  wear  resistance. 

A  not  less  important  issue  has  lately  been  as¬ 
sessment  of  pre-defect  condition  of  the  material, 
the  data  on  which  in  the  case  when  the  disconti¬ 
nuity  is  not  yet  in  place,  allow  the  necessary  measu¬ 
res  to  be  taken  which  prevent  the  defect  formation, 
as  well  as  forecasting  the  item  performance.  The 
pre-defect  condition  of  the  material  can  be  forecast 
based  on  evaluation  of  the  spatial  distribution  and 
measurement  of  some  physico-mcchanical  charac¬ 
teristics  (PMC)  of  the  material,  which  determine 
its  strength  properties. 

The  ultrasonic  probing  method  is  the  one  of  the 
most  acceptable  (due  to  its  high  penetrability)  for 
evaluation  of  metallic  materials  PMC,  as  a  number 
of  parameters  of  the  probing  ultrasonic  field  (speed, 
dispersion,  amplitude,  direction  of  polarisation 
vector)  depend  on  the  material  PMC.  About  90  % 
of  the  studies  on  PMC  evaluation  by  the  ultrasonic 
methods  are  based  on  the  fact  that  the  speed  of 
ultrasound  depends  on  PMC.  The  method  of  PMC 
evaluation  by  acoustic  means,  unlike  the  method 
of  acoustic  emission  which  registers  discontinuities 
in  the  material  structure,  is  a  passive  method,  not 
requiring  any  external  loading.  Change  of  the  ma¬ 
terial  acoustic  properties  is  an  indication  of  struc¬ 
tural  changes,  requiring  early  detection  in  critical 
objects. 

Quite  often,  assessment  of  the  strength  and 
other  physical  properties  of  the  metal  is  successful  ly 
performed  also  by  magnetic  properties  [1  ]  of  a  mag¬ 
netised  material  (coercive  force,  residual  induction, 
magnetic  permeability,  etc.),  for  instance,  sorting 
out  of  parts  after  quenching,  and  of  components 
after  long-term  service. 
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A  passive  magnetic  method  of  evaluation  of  me¬ 
tal  structure  PMC  emerged  recently,  not  requiring 
the  application  of  any  special  external  test  impact 
on  the  metal  or  magnetisation  devices.  This  is  the 
method  of  the  so-called  magnetic  memory  (MMM) 
based  on  analysis  [2,  3]  of  scattered  magnetic  field 
distribution  over  the  surface  of  the  metal  structure, 
representing  its  loading  history  and  service  fea¬ 
tures.  The  magnetic  fields  on  the  metal  structure 
surface  result  from  irreversible  inner  structural 
changes  in  the  direction  of  the  action  of  the  prin¬ 
cipal  working  loads.  This  phenomenon  is  attribut¬ 
able  to  the  presence  of  the  magnetic  field  in  each 
microelement  of  the  structure.  Chaotically  located 
domain  magnetic  fields,  under  the  impact  of  inner 
structural  mechanical  displacements  in  the  metal, 
for  instance  in  the  bending  zone,  lead  to  magnetic 
particle  ordering  and  to  the  appearance  of  a  mag¬ 
netic  field  on  the  metal  surface,  respectively.  Natu¬ 
rally,  the  more  intensive  and  the  longer  the  metal 
structure  loading,  the  greater  the  magnetic  field 
on  the  surface  and  the  more  probable  the  develop¬ 
ment  of  a  crack.  MMM  has  found  an  effective  ap¬ 
plication  for  evaluation  of  the  pre-fracture  condi¬ 
tion  of  turbine  blades,  railway  rails,  etc.  A  program 
on  MMM  introduction  in  the  facilities  of  Gos- 
nadzorokhrantrud  of  Ukraine  (Labour  Safety  In¬ 
spection)  has  been  prepared  and  is  being  imple¬ 
mented  now. 

In  practice,  unfortunately,  quite  often  we  have 
to  deal  with  a  great  number  of  the  already  formed 
defects,  whose  propagation  and  merging  is  to  be 
followed.  Computerisation  of  NDT  processes  al¬ 
lows  defect  detection  to  be  performed  in  the  most 
heavily  loaded  sections  of  the  structure  which  can 
have  a  multitude  of  different  defects  in  its  bulk  at 
the  same  time. 

Illustrations  of  new  technological  capabilities 
in  computerisation  of  NDT  processes.  Based  on 
an  order  from  the  Ministry  of  Power  Generation 
and  Electrification  of  Ukraine,  an  ultrasonic  com¬ 
puterised  P-scan  system  was  used  to  perform  expert 
evaluation  of  the  condition  of  the  metal  of  critical 
components  of  power  generation  equipment  after 
their  examination  with  manual  ultrasonic  flaw  de¬ 
tectors,  and  a  comparative  experimental  study  of 
the  traditional  technological  procedures  for  com¬ 
pliance  with  the  requirements  of  the  current  indus¬ 
trial  standards  was  performed.  Such  a  revision  was 
used  to  study  the  difficult-to-evaluate  pitting  cor¬ 
rosion  of  the  metal  of  pipelines,  steam  piping  bends, 
welded  joints  on  backing  rings.  It  was  possible  to 
resolve  a  great  number  of  fundamentally  new  prob¬ 
lems  related,  for  instance,  to  in-pipe  diagnostics  of 
the  main  pipelines,  due  to  the  ability  to  perform 
analysis  of  these  data  on  different  sensitivity  levels, 
three-dimensional  form  of  presentation  of  informa¬ 
tion  on  the  defects,  implementation  of  the  TOFD, 
SuperSAFT  methods,  and  viewing  the  entire  defect 
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Customer,  city 

Term  of  work 
performance 

Objects  of  control 

Purpose  of  NDT 

Kremenchug  petroleum  proces¬ 
sing  plant, 

Kremenchug 

March-July 

1994 

Rectification  columns,  pipelines, 
separators,  heat-exchanger  cases 

Accurate  sizing  of  defects  in 
welds  and  base  metal 

Ladyzhin  thermal  power  plant, 
Ladyzhin 

August-September 

1994 

Bends  of  feed  water  pipeline 

Determination  of  the  degree  of 
corrosion  damage  of  base  metal 

Khmelnitsk  NPP, 

Neteshin 

March~June 

1995 

Piping  of  primary  circuit 
of  reactor  No.  1 

Accurate  sizing  of  defects 

Kremenchug  petroleum  proces¬ 
sing  plant, 

Kremenchug 

July-October 

1995 

Rectification  columns,  pipelines, 
separators,  heat-exchanger  cases 

Detection  of  cold  cracks 
(hydrogen-induced  cracking)  in 
welds  and  base  metal 

Chernobyl  NPP, 

Slavutich 

August-November 

1995 

Piping  of  primary  circuit 
of  reactor  No.  2 

Detection  of  defects  in  welds 

Ukrtatnafta  (Kremenchug 
petroleum  processing  plant), 
Kremenchug 

May-October 

1996 

Rectification  columns,  pipelines, 
separators,  heat-exchanger  cases 

Detection  of  defects  in  welds  and 
base  metal 

Dashava-Kiev  gas  pipeline 

1997 

River  crossing  section 

Separation  of  the  zones  of 
corrosion  damage  and  metal 
delamination 

Kherson  petroleum  proces¬ 
sing  plant, 

Kherson 

October-December 

1996 

Reactor  of  coke-making  plant 

Generation  of  the  pattern  of 
corrosion  damage  of  base  metal 

The  same 

May-July 

1997 

Rectification  columns,  pipelines, 
separators,  heat-exchanger  cases 

Detection  of  cracking  in  welds 

Ukrtatnafta  (Kremenchug 
petroleum  processing  plant), 
Kremenchug 

August-November 

1997 

The  same 

Detection  of  defects  in  welds  and 
base  metal 

«Diascan»  TDC, 

Lukhovitsy 

1998 

Oil  pipelines  with  anomalies 
found  by  in-pipe  inspection  gear 

Detection  of  anomalies  in  oil 
pipelines  by  TOFD  and 
SuperSAFT  methods 

field.  In-pipe  diagnostics  so  far  has  achieved  real 
success  only  in  profilemetry ,  in  detection  of  anoma¬ 
lies  of  pipeline  geometry,  and  determination  of  me¬ 
tal  losses  of  corrosion  origin. 

The  PWI  and  «Diascan»  TDC  (Russia)  applied 
expert  UT  for  determination  of  the  type  and  accu¬ 
rate  dimensions  of  the  anomalies  found  by  in-pipe 
inspection  gear.  For  this  purpose,  in  the  anomaly 
zones  found  by  the  gear,  the  pipeline  is  uncovered, 
cleaned  from  the  insulation  and  UT  is  performed 
over  the  metal  surface  with  a  computerised  P-scan 
flaw  detector.  So,  in  1998  UT  was  performed  in 
18  pits  of  the  «Druzhba»  oil  pipeline  of  1020  to 
1220  mm  diameter  and  12  mm  pipe  wall  thickness 
in  which  the  magnetic  gear  of  « British  Gas»  com¬ 
pany  found  29  defects  of  the  size  of  40  to  90  %  of 
the  pipe  wall  thickness. 

The  TOFD  diffracted  wave  method  and  the  Su- 
perSAFT  synthesised  focusing  aperture  method 
were  used  to  determine  the  defect  type  and  height. 

By  UT  results  all  the  studied  welds  were  divided 
into  four  groups,  depending  on  the  degree  of  criti¬ 
cality  and  urgency  of  repair. 

The  first  group  included  four  welds  which  re¬ 
quired  urgent  repair.  These  welds  had  flat-bot¬ 
tomed  defects  more  than  5  mm  high.  Three  other 
welds  were  classified  in  the  second  group  and  re¬ 
paired  in  the  second  run.  Four  welds  with  minor 
defects  by  height  and  length  which  are  currently 
being  monitored,  were  listed  in  the  third  group. 
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The  fourth  group  included  seven  welds  erroneously 
indicated  by  the  gear,  in  which  the  defects  were 
not  confirmed  by  any  of  the  above  UT  methods. 

It  was  found  that  false  indications  from  the 
magnetic  gear  were  due  to  various  deviations  in 
the  weld  shape  (edge  misalignment,  difference  in 
thickness  and  ovality  of  pipes,  shrinkage,  etc.). 
Comparative  analysis  showed  a  75  %  coincidence 
of  UT  data  with  the  defects  detected  by  the  mag¬ 
netic  gear.  Metal lographic  examination  confirmed 
the  UT  results,  the  error  of  defect  height  determi¬ 
nation  not  exceeding  ±1  mm. 

Thus,  the  possibility  is  shown  of  accurate 
enough  determination  of  the  dimensions,  type  and 
height  of  the  defects  in  welds  of  line  pipelines  after 
their  diagnostics  with  magnetic  gear. 

Table  shows  ten  more  cases  of  UT  of  critical 
objects  performed  with  the  computerised  UT  flaw 
detector.  In  each  of  them  original  results  were  de¬ 
rived,  this  being  impossible  with  the  application 
of  the  traditional  UT  procedures  and  means. 

Figure  1  gives  a  print-out  of  the  results  of  con¬ 
trol  of  a  welded  joint  of  a  frame  element  8  mm 
thick  on  a  125  mm  section,  which  clearly  shows 
that  part  of  the  reflectors  are  weld  defects  and  lie 
in  its  central  part.  They  are  located  in  the  middle 
and  lower  part  of  the  weld  section  by  the  depth. 
The  other  part  of  the  reflection  is  caused  by  defects 
in  the  base  metal.  They  are  located  outside  the 
weld  zone  and  approximately  parallel  to  its  center 
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Figure  1.  Location  of  reflectors  in  the  welded  joint  zone:  a  — 
echo-signals  across  the  weld 

line.  These  reflections  are  located  closest  to  the 
external  surface  across  the  metal  section. 

An  illustration  of  the  thickness  control  results 
representation  is  a  map  of  corrosion  failure  of  a 
shell  of  an  underground  tank  (Figure  2,  a),  which 
shows  the  nature  of  fracture,  presence  of  individual 
pits,  their  dimensions  and  orientation.  The  section 
profile  of  the  area  with  the  most  intensive  fractures 
allows  evaluation  of  the  residual  thickness  in  indi¬ 
vidual  points  of  the  tank  shell  and  detection  of  the 
places  where  the  formation  of  a  through-thickness 
defect  is  the  most  probable. 

A  similar  kind  of  data  presentation  is  also  used 
in  expert  statement  on  the  defects  nature  with  the 
aim  of  prevention  of  an  erroneous  interpretation  of 
reflections  from  metal  delamination  as  an  indica¬ 
tion  of  pitting. 

Figure  2,  6  is  a  print-out  of  the  results  of  control 
of  pipe  metal  thickness  in  the  fly-over  of  Dashava- 
Kiev  gas  pipeline,  which,  by  the  estimate  of  many 


recording  of  echo-signals  along  the  weld;  b  —  recording  of 

flaw  detection  experts,  was  regarded  to  be  in  a 
critical  condition.  The  reflections  from  the  closest 
rolled-out  inclusions  and  delamination  were  iden¬ 
tified  as  deep  corrosion  damage  from  the  inside.  In 
the  print-out,  however,  one  can  see  that  all  the 
reflectors  are  located  only  in  the  middle  part  of  the 
metal  cross-section,  their  reflecting  surface  is  flat, 
this  being  characteristic  for  delamination  and  not 
for  corrosion  pits.  The  differences  in  the  nature  of 
reflectors  for  the  sections  with  corrosion  damage 
and  delamination,  are  clearly  visible  in  the  plots 
of  thickness  distribution  (Figure  3). 

In  the  case  of  corrosion  failure,  the  plot  of  thick¬ 
ness  distribution  is  characterised  by  a  smooth  curve 
indicating  the  presence  of  reflectors  in  the  entire 
thickness  range  (Figure  3,  a).  In  the  case  of  de¬ 
lamination,  such  a  plot  has  two  clearly  defined 
peaks  (Figure  3,6):  one  corresponds  to  the  nominal 
thickness  of  the  metal  and  the  other  to  the  depth 
of  the  delamination  location.  Thus,  the  earlier 
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Figure  2.  Maps  of  thickness  of  metal  with  corrosion  damage  (a)  and  delamination  (6) 
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Figure  3.  Plots  of  thickness  distribution  in  the  case  of  corrosion 
damage  ( a )  and  delamination  ( b ) 


taken  decision  on  interrupting  the  pipeline  opera¬ 
tion,  turned  out  to  be  wrong. 

The  three-dimensional  form  of  presentation  of 
information  on  the  defects  (sec  Figure  1)  allows 
in  a  number  of  cases  avoiding  coarse  errors  in  as¬ 
sessment  of  the  defect  level  in  an  object.  For  in¬ 
stance,  when  a  weld  on  a  backing  ring  is  controlled, 
signals  created  by  reflections  from  the  backing  ring 
edges  are  recorded,  which  can  have  a  considerable 
amplitude  and  can  be  erroneously  interpreted  as  an 
inadmissible  defect.  The  print-out  shows  a  string 
of  defects  located  along  the  welded  joint  boundary. 
One  can  see  that  these  reflectors  arc  shifted  from 
the  center  line  of  the  weld  and  are  located  as  though 
above  the  pipe  internal  surface.  Such  a  pattern  is 
characteristic  of  signals  from  the  backing  ring  edge, 
as  in  this  case  the  acoustic  wave  propagates  farther, 
not  only  in  the  welded  joint  metal,  but  also  in  the 
ring  metal.  On  the  other  hand,  the  reflector  which 
is  located  on  the  weld  center  line,  is  a  defect  of 
the  root  part  and  is  the  only  one  taken  into  account 
in  assessment  of  the  joint  quality. 

It  is  known  that  in  a  number  of  cases  the  echo- 
signal  amplitude  docs  not  provide  an  unambiguous 
estimate  of  the  defect  size.  This  is  an  especially 
frequent  case  in  detection  of  extended  defects  of  a 
small  height  or  round-shaped  ones,  which  have  a 
low  reflectivity.  Figure  4  gives  a  print-out  of  the 
results  derived  in  examination  of  a  section  of  a 
steam  cooler  collector  pipe  with  internal  corrosion 
damage  in  the  form  of  fine  defects  located  at  dif¬ 
ferent  height.  In  this  case,  the  surface  of  the  metal 
on  the  walls  of  a  loose  corrosion  defect  had  an 
irregular  structure,  causing  a  strong  diffusion  scat¬ 
tering  of  the  acoustic  energy.  Therefore,  the  am¬ 
plitudes  of  echo  signals  from  the  defects  had  a  small 
value,  while  the  defect  was  classified  as  an  admis¬ 
sible  one  by  the  regular  UT  technology,  although 
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Figure  4.  Corrosion  damage  inside  the  metal 
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Figure  5.  Case  of  weak  pitting  corrosion  coming  to  the  metal  surface 


the  actual  total  degree  of  the  metal  loosening  was 
significant. 

In  expert  estimation  of  similar  patterns  not  only 
the  echo-signal  amplitudes,  but  also  the  nature  of 
the  defect  distribution  in  the  pipe  metal,  arc  taken 
into  account.  One  can  see  from  the  print-out  that 
the  reflectors  do  not  lie  in  one  plane,  which  would 
be  characteristic  in  the  case  of  weak  pitting  corro¬ 
sion  recorded  in  another  section  (Figure  5),  but 
take  up  a  rather  wide  zone  (see  Figure  4)  across 
the  wall  section.  The  strongest  reflectors  arc  lo¬ 
cated  at  a  small  depth.  All  this  is  indicative  of  the 
presence  of  a  defect  zone  in  which  in  different  points 
of  the  surface,  the  corrosion  proceeds  with  different 
speed,  which  happens,  for  instance,  at  cavitation 
fracture. 

Thus,  use  of  information  on  all  the  reflectors 
location,  alongside  with  the  amplitude  charac¬ 
teristics  of  defects,  enables  a  more  correct  assess¬ 
ment  of  the  condition  of  the  metal  of  the  object  in 
the  studied  zone.  With  the  regular  UT  technology, 
the  pipe  with  fine  defects  was  regarded  to  be  ac¬ 
ceptable,  whereas  after  generation  of  the  patterns 
given  in  Figures  4  and  5,  it  was  removed  from 
service. 


The  computerised  systems,  due  to  processing  of 
a  large  volume  of  information,  provide  a  more  valid 
estimate  of  the  defect  level  in  the  object,  compared 
to  the  regular  control  means.  Information  on  the 
location,  dimensions  and  types  of  a  large  number 
of  fine  defects,  allows  the  experience  of  qualified 
experts  to  be  used  for  evaluation  of  the  condition 
of  critical  objects. 

As  computerised  UT  systems  become  more 
widely  accepted,  the  currently  valid  UT  standards, 
taking  into  account  only  the  defect  amplitude  cha¬ 
racteristics,  should  be  revised.  The  future  stand¬ 
ards,  besides  these  parameters,  will  also  include 
statistical  estimates,  as  well  as  the  indications  of 
relative  locations  of  the  defects,  and  density  of  fine 
reflector  distribution. 
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ABSTRACT 

General  principles  of  wear  of  steel  structures  are  considered.  Possible  decisions  which  may  be  made  after  assessment 
of  technical  state  of  structures  are  indicated.  Data  on  the  accident  rate  of  basic  load-carrying  structures  are  given. 
It  is  noted  that  in  the  majority  of  cases  the  accident  rate  is  not  related  to  the  safety  factor.  In-service  monitoring 
of  the  technical  state  of  an  object  is  considered  to  be  very  important.  The  necessity  of  developing  regulatory  and 
methodological  documents  for  specification,  assessment  and  maintenance  of  a  certain  level  of  safety  of  load-carrying 
structures  is  substantiated. 


Key  words:  steel  structures,  wear,  reliability,  check, 
repair,  regulatory  documents,  safety. 

Evolution  of  technical  state  of  structures.  Physi¬ 
cal  wear  of  structures  and  their  loading  change 
with  time.  So  do  possible  estimates  of  the  technical 
state  of  objects.  Figure  1  schematically  shows  the 
process  of  exhaustion  of  serviceability  of  a  structure 


Figure  1.  Changes  in  serviceability  of  an  object:  F0  —  predicted 
curve  (most  often  it  is  assumed  that  load-carrying  capacity  is 
decreased  following  a  linear  dependence);  F  —  actual  decrease 
in  load-carrying  capacity;  f0  —  predicted  curve  of  demand  for 
load-carrying  capacity,  allowing  for  rise  in  production  (e.g. 
allowing  for  a  required  increase  in  a  rated  load  capacity  of 
cranes);  f  and  fe  —  curves  of  actual  changes  in  demand  for 
load-carrying  capacity  at  actual  changes  in  production  with  and 
without  allowance  for  limitations  on  service  conditions;  p(t)  = 
=  F(t)  -  F( 0)  —  damage  evolution  process;  /  —  serviceable 
(designed)  order  corresponding  to  the  zero  time  reference;  2  — 
actual  initial  state,  allowing  for  a  possible  existence  of  defects 
d  =  F{ 0)  -  F0(0);  3  —  point  of  intersection  of  curves  F(t)  and 
f(t),  which  characterizes  the  time  moment  Tw  at  which  service¬ 
ability  is  exhausted;  4  —  point  characterizing  service  life  pre¬ 
dicted  by  design,  T0;  5  —  point  of  intersection  of  curves  F(t) 
and  fQ(t),  characterizing  the  time  moment  Tew,  at  which  ser¬ 
viceability  turns  out  to  be  exhausted  in  the  case  of  limitations 
on  utilization  of  the  object 
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in  the  form  of  a  function  characterizing,  e.g.  its 
strength. 

Technical  state  of  an  object  varies  during  ope¬ 
ration,  and  this  state  should  be  assessed  by  regular 
inspections.  In  a  general  case,  possible  decisions 
which  may  be  made  after  such  inspections  are  re¬ 
duced  to  the  following  actions:  continuation  of  ope¬ 
ration;  operation  with  a  limitation  of  the  term  of 
further  service  life  and/or  methods  of  utilization 
of  a  structure;  reinforcement,  repair,  recondition¬ 
ing  of  service  properties;  dismantling  and  replace¬ 
ment. 

The  corresponding  scheme  of  actions  is  shown 
in  Figure  2.  A  specialist  who  makes  decisions 
chooses  this  or  that  variant  on  the  basis  of  how 
critical  the  object  is  and  how  much  it  will  cost  to 
ensure  its  reliability. 

The  statement  fixed  in  standards  [1],  which 
accepts  only  a  serviceable  state  to  be  achieved  after 
repair  (overhaul,  reconstruction),  is  of  a  cardinal 
importance.  This  problem  is  particularly  pressing 
for  the  cases  where  a  structure  was  designed  and 
fabricated  following  the  standards  which  were  in 
force  earlier  and  are  no  longer  valid.  It  is  often 
absolutely  impossible  to  bring  such  a  structure  to 
the  serviceable  state  (the  simplest  example  is  when 
a  modular  system  is  changed). 

Accident  rate  of  basic  load-carrying  struc¬ 
tures.  Statistics  of  failures  should  be  used  as  the 
basis  for  investigations  aimed  at  ensuring  reliability 
of  construction  objects.  However,  considerable  dis¬ 
crepancies  are  noted  between  such  statistical  data 
and  basic  theoretical  developments  associated  with 
reliability.  In  this  respect,  the  most  theoretically 
elaborated  area  is  that  which  considers  the  concept 
of  reliability  as  function  of  the  safety  factor  for 
strength.  In  this  case  the  « safety  factor »  and 
« strength »  concepts  are  treated  in  a  very  genera¬ 
lized  sense.  On  the  face  of  it,  this  approach  seems 
reasonable.  But  the  in-depth  analysis  shows  that 
failure  of  a  structure  can  be  caused  by  very  many 
factors  (insufficient  knowledge  of  service  condi- 
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Figure  2.  Schematic  of  possible  actions  to  be  made  after  assess¬ 
ment  of  technical  state 


tions  of  a  structure,  design,  manufacture  or  erection 
errors,  violation  of  service  regulations),  in  addition 
to  the  case  of  exceeding  an  accidental  value  of 
load-carrying  capacity  by  an  accidental  load  (in¬ 
sufficient  safety  factor).  In  such  cases  it  is  unrea¬ 
sonable  to  choose  as  a  measure  of  increasing  reli¬ 
ability  only  an  increase  in  the  safety  factor.  The 
alternative  methods  for  increasing  reliability 
should  also  be  taken  into  account.  They  include 
improvement  of  design  of  a  structure,  development 
of  repairable  designs,  monitoring  of  a  current  state 
of  a  structure,  improvement  of  service  conditions 
and  many  others  intended  for  increase  in  adapta¬ 
bility  of  a  structure  with  random  properties  to  un¬ 
certain  service  conditions.  Therefore,  the  aspects 
to  be  considered  should  include  not  only  technical 
problems,  but  also  those  related  to  ergonomics,  i.e. 
interaction  between  a  man  (designer,  builder,  ser¬ 
vice  operator)  and  a  structure  during  the  entire 
lifetime  of  this  structure. 

Validity  of  the  above-said  is  confirmed  by  causes 
of  failures  of  steel  structures,  the  data  on  which 
are  available  in  publications  [2-6],  including 
both  general-application  buildings  and  special 
structural  objects  (Figure  3).  It  can  be  seen  from 
this  Figure  that  no  more  than  29.3  %  of  cases  at 
the  best  can  be  classed  with  causes  which  the  clas¬ 
sical  areas  of  investigation  of  reliability  are  asso¬ 
ciated  with  (positions  2  and  3 ).  At  the  same  time, 
as  reported  in  certificates  of  assessment  of  a  tech¬ 
nical  state  of  structures  in  operation,  the  dominat¬ 
ing  defects  include  substantial  corrosion  wear  or 
damage  of  elements  caused  by  striking  by  a  trans¬ 
port  vehicle  or  improper  positioning  of  loads.  Al¬ 
most  all  of  them  are  not  related  to  the  safety  factor. 

In  consideration  of  causes  of  accidents,  it  is 
necessary  to  take  into  account  the  certain  trend  to 
overcstimation  (position  2).  This  is  associated  with 
the  fact  that,  compared  with  other  participants  in 
the  construction  process,  designers  are  in  a  less 
favourable  situation,  especially  in  the  cases  where 
the  cause  of  an  accident  is  not  evident  and  the 
immediate  attempts  to  establish  it  fail.  A  specific 
manufacture  or  erection  defect  in  a  collapsed  struc- 
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Figure  3.  Causes  of  accidents  at  steel  structures:  1  —  low 
quality  of  materials  (6.3  %);  2  —  poor  design,  design  errors 
(25.1  %);  3  —  insufficiently  elaborated  design  specifications 
(4.2  %);  4  —  other  causes  and  their  combinations  (0.4  %);  5  — 
improper  maintenance  (preventive  maintenance)  and  repair 
(15.7  %);  6  —  manufacture  and  erection  defects  (48.3  %) 


ture  (e.g.  a  defective  weld  or  lack  of  the  required 
number  of  bolts)  is  hard  to  detect  in  a  heap  of 
metal  scrap.  At  the  same  time,  a  design  according 
to  which  a  structure  was  built  can  be  studied  in 
detail  and  comprehensively  analysed.  The  presence 
of  even  insignificant  errors,  which  might  not  lead 
to  the  accident,  will  always  be  detected  by  experts 
and  fixed  in  the  accident  investigation  act. 

Fortunately,  full  collapses  of  structures  are  rare 
occasions.  However,  the  enormous  number  of  un¬ 
serviceable  states  of  individual  structural  members 
of  buildings  and  engineering  structures  are  re¬ 
ported,  where  the  catastrophic  fracture  did  not  oc¬ 
cur  only  due  to  a  favourable  concurrence  of  cir¬ 
cumstances  or  other  random  factors. 

The  extremely  large  data  arrays,  including  re¬ 
sults  of  inspection  of  existing  structures,  are  avail¬ 
able.  These  are  the  sources  that  may  provide  abun¬ 
dant  information  to  study  processes  associated  with 
failure  of  structures  and  develop  precautions  to 
extend  their  failure-free  operation  and  longevity. 
Thus,  UkrNIIProektstalkonstruktsiya  conducted 
investigations  to  generalize  data  on  damage  of  co¬ 
verings  on  industrial  buildings  used  in  different 
industries  (Table  1). 

It  can  be  seen  from  the  investigation  data  that 
the  relative  quantity  of  trusses  with  defects  and 
damage  is  rather  large  and  varies  insignificantly 
from  industry  to  industry. 

The  main  type  of  defects  revealed  was  a  general 
distortion  of  bars  (64.2  %).  The  data  on  deflection 
of  truss  elements  in  excess  of  specifications,  in  ab¬ 
solute  and  relative  values,  as  compared  with  a  per¬ 
missible  value  of  w/L  =  1/750,  are  given  in  Fi¬ 
gure  4. 

The  accident  rate  was  studied  on  151  objects 
using  data  from  accident  investigation  acts  and  re¬ 
ports  of  special  post-accident  inspections.  In  these 
objects  1318  trusses  collapsed  and  513  were  tem- 
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Table  1 


Q-ty  of  trusses 

Industry 

Q-ty  of 
objects 

Total, 

pcs. 

With  defects  and 
damage 

Pcs. 

% 

Machine  building 

15 

1074 

419 

39.0 

Ferrous  metallurgy 

18 

1170 

463 

39.6 

Non-ferrous  metallurgy 

4 

336 

117 

34.8 

Ship  building 

6 

243 

101 

41.5 

Power  engineering 

3 

262 

84 

32.1 

Total 

46 

3085 

1184 

38.4 

porarily  removed  from  service  (until  a  decision  is 
made  on  the  possibility  of  their  further  utilization). 

Similar  data  were  accumulated  also  on  other 
structural  members,  for  example,  on  welded  crane- 
runaway  girders,  where  the  main  type  of  damage 
is  cracking  of  belt  welds  in  the  top  chord  [7].  Here 
the  dependence  of  the  quantity  of  this  type  of  da¬ 
mage  upon  the  time  of  operation  is  obvious  (Ta¬ 
ble  2).  It  should  be  taken  into  account  that  among 
the  undamaged  girders,  which  were  in  use  for  over 
5  years,  there  were  some  which  had  been  subjected 
to  repair  (sometimes  more  than  once). 

Defects  and  different  types  of  damage  may  be 
formed  both  at  the  stage  of  manufacture  and  erec¬ 
tion  of  a  structure,  and  during  operation.  As  a  rule, 
the  former  further  develop  at  the  stage  of  operation , 
summing  up  with  damage  which  is  characteristic 
only  of  the  stage  of  operation.  Characteristic  data 
on  changes  taking  place  during  the  operation  pro¬ 
cess  are  shown  in  Figures  5  and  6,  where  the  re¬ 
vealed  defects  and  damage  are  indicated  in  relative 
(compared  with  specified)  values. 

Growth  of  relative  deviations  with  time  has 
been  reported.  It  is  true  not  only  for  the  above 
defects,  but  also  for  all  other  controlled  parameters 
of  structural  design. 

A  very  characteristic  damage  is  wear  of  crane 
rails,  which  leads  to  considerable  expenses  in  the 
case  of  replacement  of  rails  and  rollers  of  travelling 
cranes,  especially  the  cranes  with  a  very  heavy-duty 
operation.  According  to  [8],  consumption  of  metal 
in  replacement  of  rails  at  some  facilities  after  2  - 
3  years  of  operation  can  be  comparable  with  the 


Table  2 


Service  life, 
years 

Q-ty  of  girders 

Inspected , 

Damaged 

pcs 

Pcs. 

% 

1  “3 

29 

4 

14 

4-6 

70 

12 

17 

10  -  12 

105 

64 

61 

20-22 

62 

45 

73 

mass  of  metal  of  crane  girders,  whereas  the  initial 
mass  of  the  rails  is  only  10  -  15  %  of  that  of  the 
girders. 

It  should  be  noted  that  many  of  defects  detected 
by  inspections  are  very  dangerous,  so  that  they  may 
be  a  direct  cause  of  a  catastrophic  fracture.  Unfor¬ 
tunately,  we  have  to  state  that  the  majority  of 
defects  are  the  result  of  a  very  negligent  treatment 
of  structures  by  attending  personnel.  Often  are  the 
cases  of  loading  the  covering  trusses  (e.g.  in  repair 
of  travelling  cranes)  with  undesigned  weights,  cut¬ 
ting  out  of  elements  which  seem  to  be  «in  the  way» , 
overloading  of  structures  with  industrial  dust,  etc. 

Principles  of  wear.  Attempts  were  made  to 
study  principles  of  wear  of  buildings  and  structures. 
The  generalized  data  on  ratio  Z  of  the  mass  of  steel 
consumed  for  repair  to  the  initial  mass  of  a  metal 
structure  are  given  in  [9],  These  are  the  results  of 
inspection  of  100  spans  of  20  shop  buildings  con¬ 
structed  in  different  years  at  the  Magnitogorsk 
Metallurgical  Works  (MMW),  Chelyabinsk  Me¬ 
tallurgical  Works  (ChMW)  and  other  factories  in 
the  Urals  (Figure  7).  One  can  easily  notice  a  dif¬ 
ference  between  buildings  in  which  the  crane  trestle 
is  separated  from  other  structures  (light  circles) 
and  buildings  with  the  combined  framework  (dark 
squares). 

The  value  of  Z  is  a  certain  generalized  indication 
of  wear  for  steel  structures  at  objects  of  approxi¬ 
mately  similar  application.  It  is  far  from  being  ver¬ 
satile  and  does  not  solve  the  problem  of  assessment 
of  different  types  of  objects.  The  common  indica¬ 
tion  of  wear  can  be  the  cost  of  repair-reconditioning 
operations  related  to  the  initial  cost  of  an  object, 
although  it  includes  a  hindering  factor  —  inflation 


Figure  4.  Distribution  of  absolute  w  (a)  and  relative  w/L  ( b ) 
deflections  of  truss  elements  (w  —  frequency  of  cases) 


34  56  7  89  10  11  t,  year 

Figure  5.  Relative  deflections  versus  time  of  operation 
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Figure  6.  Degradation  of  the  state  of  crane  tracks:  a  —  longi¬ 
tudinal  slopes;  b  —  difference  in  marks  in  cross  members;  c  ~ 
narrowing  and  expansion  of  the  gauge  line;  d  —  rail  eccentricity 
(#  —  superheavy-duty;  ■  —  heavy-duty  and  X  —  moderate- 
duty  of  operation) 


processes,  which  do  not  allow  correct  comparison 
of  funds  spent  some  time  ago  and  current  costs. 

Nevertheless,  this  comparison  can  be  made  on 
the  basis  of  a  proper  correction  of  total  costs.  This 
makes  the  use  of  this  indication  justifiable.  Note 
that  if  the  cost  of  repair-reconditioning  operations 
is  compared  with  the  cost  of  a  new  object  of  a 
similar  application,  physical  wear  may  be  comple¬ 
mented  by  moral  wear  (in  this  case  the  cost  of 
repair  should  include  the  cost  of  bringing  the  object 
to  the  level  meeting  up-to-date  requirements). 

Dependence  of  the  cost  of  repair  upon  the  extent 
of  physical  wear  was  investigated  by  an  example 
of  residential  buildings.  Processing  of  statistical 
data  (Figure  8,  squares)  confirms  existence  of  the 
smoothing  dependence  of  a  logarithmic  type  —  F  - 
=  21.628  In (5)  -  32.45,  which  can  be  regarded  as 
sufficiently  versatile. 

Since  the  non-repairable  defects  (e.g.  changes 
in  rheological  properties  of  materials)  are  also  ac¬ 
cumulated  during  operation,  the  cost  of  repair-re- 
conditioning  operations  will  include  only  part  of 
wear  which  can  be  repaired  (removed).  Total  wear 
in  this  case  will  be  represented  as  follows: 


H  —  Crep/^init  +  kt , 


where  Crep  is  the  cost  of  repair,  Qn it  is  the  initial 
cost  and  k  is  the  coefficient  of  growth  of  non-re- 
pairable  wear.  Values  of  the  k  coefficient  were  de¬ 
termined  in  [10]  based  on  this  representation  and 
considering  that  by  the  end  of  the  service  life  the 
non-repairable  wear  will  amount  to  35  -  40  %. 
Principles  of  changes  in  wear  during  the  lifetime 
were  determined  for  metal  structures  of  industrial 
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Figure  7.  Wear  of  buildings  in  metallurgical  industry  (year  of 
construction  is  given  in  brackets) :  /  —  open-hearth  plant,  Lieva 
(1900);  2  —  wheel  rolling  mill  shop,  Vyksun  (1898);  3  — 
rolling  mill  shop,  Verkhnyaya  Saida  (1899);  4  —  rolling  mill 
shop,  Zlatoust  (1915);  5  —  open-hearth  plant,  Verkh-Iset 
(1912);  6  —  open-hearth  plant,  MMW  (1930);  7  —  reduction 
shop  No.  3,  MMW  (1941);  8  —  stripping  department,  MMW 
(1942);  9  —  mould  shop,  MMW  (1954);  10  —  reduction  shop 
No.  2,  MMW  (1933);  11  -  slabbing,  MMW  (1959);  12  - 
plate  rolling  mill  shop  No.  2,  MMW  (1951);  13  —  forge  shop, 
MMW  (1939);  14  -  reduction  shop  No.  3,  ChMW  (1968); 
15  —  open-hearth  plant  No.  2,  ChMW  (1945);  16  —  open- 
hearth  plant  No.  1,  ChMW  (1942);  17  —  open-hearth  plant 
No.  1,  MMW  (1952);  18  —  rail-beam  shop,  Nizhnij  Tagil 
(1932);  19  —  heat  treatment  shop,  ChMW  (1965);  20  —  open- 
hearth  plant,  Nizhnij  Tagil  (1944) 


buildings  with  superheavy-  and  heavy-duty  opera¬ 
tional  conditions  (Figure  9). 

Effect  of  in-service  monitoring  of  technical 
state  on  reliability.  As  the  level  of  damage  of  a 
structure  tends  to  increase  with  time  (real  cal¬ 
endar  time  or  conditional  rated  time),  the  impor¬ 
tance  of  in-service  monitoring  of  the  technical 
state  of  an  object  drastically  grows.  An  increase 
in  the  quantity  of  checks  of  a  structure  leads  to 
an  increase  in  its  reliability.  However,  this  in¬ 
crease  involves  growth  of  costs.  Therefore,  it  is 
necessary  to  find  a  certain  compromise  between 
attempts  to  increase  reliability  and  attempts  to 
reduce  the  costs  of  maintenance.  The  problem  of 
this  type  was  solved  by  an  example  of  damage  of 
the  type  of  fatigue  cracks  [11]. 

Analysis  is  based  on  two  estimates.  One  refers 
to  kinetics  of  propagation  of  a  fatigue  crack  and 
estimation  of  residual  strength  of  a  damaged 
structure,  and  the  other  is  related  to  estimation 
of  pro-bability  of  detection  of  a  crack  of  a  certain 
length. 

The  probability  of  detecting  a  defect  (event 
D)  which  has  a  characteristic  parameter  d  (e.g. 
length  of  a  crack)  is  determined  by  the  following 
condition: 
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P  (D  \d)  =  1  -  exp  [-  (d/ p)“], 

where  a  and  (3  are  the  parameters  which  arc  asso¬ 
ciated  with  the  methods  of  diagnostics.  The  pro¬ 
bability  that  the  value  of  parameter  d  will  be  de¬ 
termined  from  a  range  of  x  to  x  +  dx  by  inspection 
is  equal  to 

P  (x  <  d  <  x  +  dx  |  D)  = 

=  {p  (D\x  <  d  <  x  +  dx)  P  {x  <  d  <  x  +  dx))/P  (d), 

where  P  {pc  <  d  <  x  +  dx)  is  the  probability  that  a 
defect  has  the  corresponding  dimensions  (even  if 
it  is  not  detected)  and  P(d)  is  the  absolute  pro¬ 
bability  of  detecting  defects  with  any  value  of  d. 
In  terms  of  densities  of  probabilities,  this  can  be 
written  as  follows: 

f(d\D)  =  klf(d)P(D\d)  = 

=  f(d)P(D\d)/P(D). 

The  density  of  probability  of  non-detecting  is 
as  follows: 

f(d\D)  =  k2f(d)x\-P(D\d).  (2) 

Their  sum  is 

f(d\D)/ki+f(d\D)/k2  =  f(d), 

\/kx  +  \/k2  =  1. 

From  (1)  and  (2)  we  obtain  that 
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Figure  9.  Changes  in  general  wear  of  metal  structures  of  indus¬ 
trial  buildings  in  medium-  (/),  heavy-  (2)  and  superheavy-duty 
( 3 )  operation 


Figure  10.  Dependence  of  probability  P  of  the  first  failure  upon 
the  time  of  operation  t  and  quantity  of  inspections  N:  1  —  49; 
2  —  24;  5  —  14;  4  —  5  and  5—0  inspections 

f(d)=f(d\D)/([kiP(D\d)]), 


f  (d  \  D)  =  [kx/{i  -  km  (d  I  D)/P  (D  |  tf)]  x 
x[l  -P(D\d)]. 

Residual  strength  of  a  structure  containing  a 
crack  was  estimated  by  using  the  following  ap¬ 
proximate  expression: 


R  (t)  =  i?0  {l  -  (1  -  k) 


where  R(t)  is  the  residual  strength  t  hours  after 
initiation  of  the  crack  with  an  initial  size  of  a$; 

is  the  residual  strength  at  a  maximum  permis¬ 
sible  size  of  the  crack  equal  to  as  and  a(t)  is  the 
size  of  the  crack  at  a  time  moment  of  t. 

In  [11],  the  curve  of  the  probability  of  failure 
at  the  absence  of  inspections  (N  =  0)  consists  of 
two  regions  with  different  characteristics  (Fi¬ 
gure  10).  The  intensity  of  failures  in  the  first  region 
is  determined  by  the  probability  of  exceeding  the 
value  of  tensile  strength  by  a  load,  since  even  if 
the  crack  is  initiated  at  the  initial  time  moment 
(t  =  0),  it  will  take  some  time  for  it  to  propagate 
to  reach  a  dangerous  limit.  In  the  second  region 
the  intensity  of  failures  is  determined  more  by  the 
presence  of  cracks  and  probable  exceeding  the  level 
of  residual  strength  by  a  load.  Therefore,  in¬ 
spections  in  this  region  have  a  fundamental  effect 
on  reliability.  It  can  be  well  seen  from  Figure  10 
which  shows  the  data  on  the  effect  of  the  quantity 
of  inspections  N  on  the  probability  of  failure. 

Figure  1 0  shows  that,  in  addition  to  a  conclusion 
of  the  benefits  from  conducting  inspections  in  a 
later  time  period  (naturally,  with  the  persisting 
acceptable  level  of  risk),  it  can  also  be  concluded 
that  there  is  a  certain  «saturation  limit»  for  the 
quantity  of  inspections.  In  this  case  almost  all  da¬ 
mages  are  revealed  on  time,  so  the  second  part  of 
the  curve  is  just  a  continuation  of  the  first  part. 

Safety  of  construction  objects.  Building 
standards  and  regulations,  with  very  rare  excep¬ 
tions,  do  not  allow  for  any  cases  of  occurrence  of 
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technogenic  accidents  and  catastrophes  (accident 
effects  of  a  natural  character  are  considered  at  least 
to  some  extent).  This  is  attributable,  on  the  one 
hand,  to  a  widespread  opinion  that  structures  be¬ 
come  substantially  more  costly  if  they  are  designed 
with  allowance  for  accident-inducing  loads,  and, 
on  the  other  hand,  to  a  naive  but  traditional  belief 
that,  since  there  should  be  no  accidents  at  all,  it 
is  not  worthwhile  speaking  of  them.  In  the  building 
practice  the  optimal  strategy  seems  to  be  that  which 
develops  such  precautions  which  could  convert  a 
catastrophic  fracture  into  a  small  accident  with 
consequences  that  are  rather  easy  to  remedy.  An 
example  of  such  developments  is  building  of  a  ram¬ 
part  around  an  oil  tank  to  prevent  excessive  over¬ 
flow  of  oil  products  in  the  case  of  complete  fracture 
of  the  tank.  Such  precautions  have  a  relatively  low 
cost,  while  the  imaginary  saving  on  these  precau¬ 
tions  may  lead  to  enormous  environmental,  social 
and  material  losses. 

It  seems  absolutely  necessary  to  develop  a  sys¬ 
tem  of  regulatory  and  methodological  documents 
to  specify,  assess  and  maintain  a  certain  level  of 
safety  of  load-carrying  structures,  bearing  in  mind 
that  a  probable  violation  of  the  safety  level  is  as¬ 
sociated  not  only  (and  even  not  so  much)  with 
deviations  in  strength  of  a  material  or  intensity  of 
a  load,  which  are  traditionally  allowed  for  in  struc¬ 
tural  design,  but  with  such  factors  as: 

violation  of  the  design  specifications  and  regu¬ 
lations  of  manufacture,  erection,  transportation, 
storage  and  conservation; 

violation  of  the  operation  and  repair  rules; 
mistakes  of  personnel; 
critical  failures  of  technospheres; 
unfavourable  natural  factors  (earthquake,  tor¬ 
nado,  meteorites,  flood,  karst  falls,  etc.); 

absence  or  inefficiency  of  protection  precau¬ 
tions. 

This  requires  an  exact  formulation  of  require¬ 
ments  to  safety  of  buildings  and  structures,  allow¬ 
ing  for  indications  of  permissible  risk  by  critical 


failures,  requirements  for  availability  of  protection 
means,  monitoring  systems,  etc. 

These  requirements  may  be  included  into  spe¬ 
cial  standards  (e.g.  there  is  a  special  system  of 
standards  on  labour  safety)  or  into  other  speci¬ 
fications  for  an  object.  But  in  the  cases  it  is  very 
important  to  note  that  the  point  is  safety.  Oth¬ 
erwise  there  will  be  a  collision  of  designations, 
since  the  relationship  of  safety  requirements  with 
the  necessity  to  ensure  strength  of  a  building  or 
structure,  which  is  absolutely  obvious  for  a  spe¬ 
cialist,  is  not  enough  for  substantiation  of  the 
use  of  special  legal  acts  for  safety  assurance  and 
often  leads  to  legal  confusions. 
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ABSTRACT 

Described  is  the  approach  to  investigation  of  relationship  between  volt-ampere  dynamic  characteristics  of  a  heat 
source  and  peculiarities  of  formation  of  the  weld  pool  which  determine  the  quality  of  welding.  The  concept  of 
computer  diagnostics  and  monitoring  of  the  arc  welding  process,  based  on  the  finite  number  of  statistical  moments 
of  the  arc  power,  is  presented.  The  quantitative  indication  of  the  welded  joint  quality  is  suggested. 


Key  words :  welding ,  heat  input ,  welding  conditions , 
heat  source,  weld  pool,  weld  quality. 

One  of  the  ways  of  improving  the  quality  of  welded 
joints  in  critical  structures  is  to  decrease  welding 
heat  input,  which  leads  to  reduction  of  time  during 
which  the  metal  dwells  within  the  unfavourable 
temperature  range  and  to  elimination  of  develop¬ 
ment  of  stresses  and  strains  [1  -3].  This  is  achieved 
by  an  increase  in  the  concentration  of  energy  of  a 
heat  source  resulting  from  the  use  of  forced  welding 
conditions  [4,  5].  The  latter  provide  for  an  increase 
in  efficiency  of  the  welding  process  with  no  increase 
in  thermal  power  of  the  heat  source  through  using 
the  rational  diagrams  of  interaction  of  the  plasma 
flow  with  the  molten  metal  of  the  weld  pool.  The 
application  of  new  heat  sources  to  control  both 
thermal  power  and  force  effect  on  the  molten  metal 
is  one  of  the  most  important  tasks  ensuring  ad¬ 
vancement  of  the  welding  industry  [6]. 

Peculiarities  of  the  weld  pool  formation  in 
welding  under  forced  conditions.  Welding  under 
forced  conditions  using  the  concentrated  heat 
sources  is  characterized  by  the  presence  of  a  deep 
crater  in  the  weld  pool  and  S-shapcd  front  wall  of 
the  molten  metal  surface  [5].  The  effect  of  forcing 
is  achieved  as  a  result  of  high  rates  of  ablation  of 
the  melting  front  due  to  an  increased  pressure 
within  the  active  arc  spot  and  velocity  of  movement 
of  the  plasma  flow  along  the  melting  front. 

The  molten  metal  along  the  axial  line  of  the 
melting  front  is  pressed  out  from  the  active  spot 
zone  due  to  variation  in  the  character  of  distribution 
of  pressure  of  the  plasma  flow  along  the  melting 
front.  In  cutting,  a  dominant  factor  is  formation 
of  a  high-velocity  boundary  layer,  whose  parame¬ 
ters  arc  determined  by  the  gas-kinetic  component 
of  the  plasma  flow.  In  this  case,  the  direction  of 
the  velocity  vector  of  the  boundary  layer  should 
correspond  mainly  to  profile  of  the  surface  of  the 
melting  front. 
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In  welding  under  forced  conditions,  the  molten 
metal  should  be  contained  within  the  weld  pool. 
In  a  case  where  the  boundary  layer  moves  mostly 
along  the  melting  front  deep  into  the  welding  cra¬ 
ter,  the  molten  metal  layer  will  increase  in  thick¬ 
ness  with  depth  to  the  crater  cavity  due  to  the 
metal  coming  from  the  above  regions.  This  will 
lead  to  screening  the  melting  front  by  the  molten 
metal  and  decrease  in  the  penetration  depth  for  a 
given  thermal  power  of  the  heat  source.  Therefore, 
in  welding  under  forced  conditions  the  most  ra¬ 
tional  diagram  is  that  causing  the  molten  metal  to 
move  not  to  the  depth  of  the  crater,  but  along  its 
lateral  surfaces  in  parallel  with  the  surface  of  the 
plates  joined.  This  can  be  achieved  by  decreasing 
the  gas-kinetic  component  of  the  plasma  flow  pres¬ 
sure  on  retention  of  a  high  pressure  gradient  in  a 
direction  parallel  with  the  surface  of  the  plates 
joined.  In  this  case,  however,  with  distance  from 
the  weld  pool  axis  the  volume  of  the  moving  molten 
metal  also  increases  as  a  result  of  the  metal  coming 
from  regions  located  closer  to  the  axial  line.  There¬ 
fore,  this  should  cause  increase  either  in  thickness 
of  the  molten  metal  layer  or  in  rate  of  ablation.  In 
this  connection,  the  hypothesis  which  is  based  on 
a  determining  role  of  metal  transfer  over  the  melt¬ 
ing  front  surface,  resulting  from  the  formation  of 
the  boundary  molten  metal  layer  and  the  plasma 
flow,  and  which  provides  for  high  gas-kinetic  pa¬ 
rameters  of  the  latter,  does  not  correspond  to  the 
description  of  the  welding  process  under  forced 
conditions. 

At  the  same  time,  it  should  be  noted  that  an 
increase  in  the  gas-kinetic  energy  of  the  plasma 
flow  leads  to  deterioration  in  the  hydrodynamic 
situation  in  the  weld  pool  and  is  associated  with 
formation  of  some  defects  characteristic  of  welding 
under  forced  conditions,  such  as  coarse-ripple  sur¬ 
face  of  the  weld,  non-uniform  penetration  depth, 
periodic  chain  of  course  pores,  molten  metal  spit¬ 
ting  and  tunnel  effect  in  the  weld  root  [5]. 
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The  purpose  of  this  investigation  was  to  reveal 
conditions  of  formation  and  development  of  the 
weld  pool  under  the  forced  process  parameters. 

Assuming  that  the  melting  front  has  the  cylin¬ 
drical  shape,  in  welding  under  forced  conditions 
the  average  ablation  rate  in  the  first  approximation 
can  be  determined  from  the  following  expression: 

ft^weld  _  (1) 

^ab.av —  /  7  ^w> 


where  //Weld  is  the  average  weld  width;  lcr  is  the 
average  length  of  the  crater  and  vw  is  the  welding 
speed. 

It  follows  from  expression  (1)  that  the  wider 
the  weld  and  the  shorter  the  length  of  the  crater, 
the  higher  the  pressure  gradient  on  the  surface  of 
the  active  spot  to  achieve  the  required  average  ab¬ 
lation  rate.  It  can  be  supposed  that  the  determining 
role  in  forcing  the  fusion  welding  process  is  played 
both  by  size  of  the  active  arc  spot  and  by  character 
of  distribution  of  the  plasma  flow  pressure  over  its 
surface.  In  this  case  the  degree  of  the  concentration 
of  energy  of  the  heat  source  should  correspond  to 
the  penetration  depth  at  a  preset  speed  of  the  pro¬ 
cess.  An  increase  in  the  penetration  depth  at  a  con¬ 
stant  speed  should  be  associated  with  growth  of 
size  of  the  active  arc  spot  and,  accordingly,  with 
a  decrease  in  the  concentration  of  energy  of  the 
heat  source  at  its  increased  thermal  power.  Wide¬ 
ning  of  the  range  of  thickness  of  materials  welded 
and  degree  of  forcing  the  process  parameters  re¬ 
quires  development  of  new  non-traditional  heat 
sources. 

Low-amperage  constricted  arc.  The  low-am¬ 
perage  constricted  arc  is  characterized  by  a  decrease 
in  the  gas-dynamic  effect  of  the  plasma  flow  on 
retention  of  the  thermal  power  of  the  arc,  which 
is  achieved  by  proper  selection  of  geometrical  pa¬ 
rameters  of  the  arc  chamber,  torch  nozzle  and  sys¬ 
tem  of  stabilization  of  the  plasma  flow. 

As  to  its  technological  properties,  the  low-am¬ 
perage  arc  takes  an  intermediate  position  between 
the  arc  that  burns  freely  in  the  argon  atmosphere 
and  the  constricted  arc.  Regulation  of  the  gas  flow 
rate  allows  rigidity  of  the  arc  to  be  varied  over 
wide  ranges,  as  the  arc  can  be  «soft»  (like  in  oxygen 
flame)  or  «hard»  (like  in  plasma  cutting).  Under 
«soft»  burning  conditions  the  flame  is  capable  not 
only  of  propagating  over  the  surface  of  a  workpiece, 
but  also  of  affecting  the  molten  metal  as  a  factor 
that  stabilizes  disturbances  formed  in  the  weld 
pool. 

Technological  peculiarities  of  the  welding  pro¬ 
cess  using  the  low-amperage  constricted  arc  are  as 
follows:  welding  at  a  decreased  current  (20  - 
180  A);  self-adjusting  stability  of  the  weld  pool  in 
welding  with  the  penetrating  arc;  decreased  heat 
input  into  the  torch  of  a  simplified- design;  possi¬ 
bility  of  cladding  and  surface  melting  at  a  decreased 
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heat  input;  position  butt  welding  of  pipelines  with¬ 
out  programming  of  the  process  parameters  in  dif¬ 
ferent  spatial  positions;  decreased  requirements  to 
skills  of  welding  operators;  welding  with  the  pene¬ 
trating  arc  in  a  manual  mode. 

Stability  of  the  weld  pool  in  welding  under 
forced  conditions.  For  the  liquid-gas  interface  of 
an  arbitrary  shape  the  pressure  is  determined  from 
an  equation  given  in  [7]: 


[pg  -  Pi  -  a  (Kx  +  Ky)^  nx  - 

-W  ->■.>♦!? 


(2) 


where  Pg  =  Pg  (z,  x,  y)  and  P\  =  Pi  (z,  x,  y)  are 
the  pressures  of  gas  and  liquid  at  points  on  the 
surface;  a  is  the  surface  tension  coefficient  at  the 
liquid-gas  interface;  Kx ,  Ky  are  the  surface  curva¬ 
tures;  n  is  the  single  normal  vector  directed  into 
the  bulk  of  the  gas;  and  T ,(g)  and  T®  are  the  viscous 

stresses  in  gas  and  liquid,  respectively,  at  the  in¬ 
terface.  The  second  term  in  the  right  part  of  equa¬ 
tion  (2)  is  the  force  gradient  caused  by  a  variation 
in  the  surface  tension  coefficient.  If  we  ignore 
evaporation  at  the  interface  between  the  phases, 
the  first  term  in  the  right  part  of  equation  (2)  will 
be  close  to  zero,  as  with  the  plasma  (gas)  flow, 
having  kinematic  viscosity  vg  and  density  pg,  blo¬ 
wing  over  the  surface  of  the  liquid  with  viscosity 
vi  and  density  pi  without  slipping,  the  relationship 
that  usually  holds  is  as  follows: 

Uq  «  u  -u  «  Uq, 


where  uq,  uq,  u  and  u  are  the  velocities  of  the 
liquid  and  gas,  respectively,  in  the  flow  core  and 
at  the  interface. 

Assuming  in  (2)  the  value  of  a  to  be  gradient- 
free,  and  setting  the  (Y.(g)  -  term  to  be' 

equal  to  zero,  the  initial  equation  of  the  force  ba¬ 
lance  on  the  weld  pool  surface,  called  the  Laplace 
formula,  will  be  written  as  follows: 


Pg  -  Pi  =  a  ( Kx  +  Ky).  (3) 


In  equation  (3)  the  pressure  of  gas  and  liquid 
at  the  interface  and  the  surface  curvature  along  the 
main  axes  are  the  functions  of  coordinates  of  the 
surface  points  and  process  parameters. 

Consider  the  process  of  a  stationary  interaction 
of  the  weld  pool  and  the  gas  (plasma)  flow  in 
welding  with  through  penetration.  Figure  1  sche¬ 
matically  shows  the  weld  pool  in  the  form  of  a 
section  along  its  longitudinal  axis.  The  ABO  line 
is  the  melting  front  of  the  metal  and  the  CDE  line 
is  the  solidification  front.  The  gas  flow  rate  ahead 
of  the  weld  pool  crater  is  designated  as  uq,  while 
inside  the  crater  it  varies  and  is  designated  as  u. 
The  metal  melts  along  the  ABO  line  under  the 
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Figure  1 .  Schematic  of  the  weld  pool  in  its  upper  position  with 
an  inclination  angle  of  a  =  45° 


effect  of  the  high-temperature  gas  flow  and  is  trans¬ 
ferred  over  the  crater  walls  to  the  tailing  portion 
of  the  weld  pool  to  form  a  droplet  with  the  surface 
described  by  a  certain  function  of  Z  =  <p(#,  y).  The 
point  on  the  droplet  surface  in  the  gravitation  force 
field  can  be  characterized  by  level  h  with  respect 
to  the  highest  point  on  the  liquid  surface.  In  par¬ 
ticular,  this  level  is  a  function  of  the  weld  pool 
inclination  angle  a. 

While  moving  deep  into  the  weld  pool,  the  gas 
changes  its  thermodynamic  and  kinetic  parameters 
under  conditions  of  heat  exchange  with  the  metal, 
causes  the  melt  to  accelerate  and  imparts  to  it  the 
kinetic  energy  sufficient  to  transfer  the  molten  me¬ 
tal  to  the  tailing  portion  of  the  weld  pool.  Upon 
passing  through  the  crater,  the  gas  goes  out  through 
a  hole  of  through  penetration  (Figure  1)  with  the 
OC  size. 

Based  on  the  fact  that  welding  is  performed  in 
the  mode  of  through  penetration,  it  can  be  assumed 
that  density  of  the  gas  is  constant  pg  (z)  =  pg  = 
=  const.  Then,  at  a  constant  volume  rate  of  the  gas 
flow,  G,  and  constant  density,  an  additional  equa¬ 
tion  can  be  easily  derived  from  the  equation  of 
continuity  to  calculate  the  cross  section  area  of  the 
gas  channel,  F : 


'Pg 


CP  (T  T$)  + 


2  2 
U  ~  UQ 


Pi 9  (A  “  h)  =  (4) 


—  ^  ns 


Solution  of  the  system  of  equations  obtained  in 
[8]  yielded  determination  of  w,  T  and  P  as  functions 
of  coordinate  z  and  finding  a  function  of  Z  =  (p  ( x , 
y )  of  the  melt  surface  shape. 

The  energy  balance  equation  (4)  in  a  dimen¬ 
sionless  form  is  as  follows: 


^  AT -i  (?-!)+ £(*-,»>=  (J) 

=  (Kx  +  Ky  ~  Kx0  ~  K,o), 

where  the  dimensionless  values  are  written  with 
an  overscribed  bar;  Ec  =  u Q2 /cp  A  Tq  is  the  Ekkert 

number;  Ar  =  pg  /p\  g  8  is  the  Archemedes 
number  and  We  =  pg  8  i/Q2/a  is  the  Weber  number. 

Equation  (5)  contains  four  terms.  The  first  and 
second  terms  are  of  auxiliary  character,  as  com¬ 
pared  with  the  third  and  fourth  terms.  This  can 
have  the  following  explanation.  In  welding  with 
non-through  penetration,  the  gas  flow  changes  its 
direction  to  the  opposite,  but  before  it  decelerates. 
A  decrease  in  the  rate  is  accompanied  by  growth 
of  the  static  pressure  and  temperature.  This  leads, 
firstly,  to  an  increase  in  the  intensity  of  phase  tran¬ 
sition  of  the  metal  from  the  liquid  to  gaseous  state, 
secondly,  to  excess  of  the  thermal  energy  of  the 
gas-liquid  mixture  at  the  interface  over  the  energy 
of  the  surface  forces  and,  thirdly,  to  local  stabili¬ 
zation  of  the  interface  in  the  lower  portion  of  the 
weld  pool  in  the  form  of  a  gas  cavity  in  the  bulk 
of  the  weld,  which  is  described  in  [91. 

In  the  case  under  consideration  the  surface  ten¬ 
sion  coefficient  is  also  susceptible  to  changes,  and 
approximation  (3)  of  equation  (2)  is  unacceptable. 
For  welding  with  through  penetration,  based  on 
an  insignificant  variation  in  enthalpy,  equation  (5) 
takes  the  following  form: 


dG  dp _ dF__du_  dF _ du 

G“P"  F  w  ;F“T- 


1  77  T 


Ar  (A  ho)  -  (Kx  +  Ky  -  Kxo  “  Kyo), 


(6) 


We 


Assuming  the  gas  and  liquid  to  be  ideal  and 
incompressible,  their  flow  can  be  described  by  the 
gas  heat  content  equation  and  the  generalized  Ber¬ 
noulli's  equation.  After  transformation  of  the  equa¬ 
tions,  it  was  concluded  that  the  gas  channel  of  the 
penetration  zone  of  the  weld  pool  at  constant  values 
of  the  gas  flow  rate  and  density  works  simultane¬ 
ously  in  four  modes  of  the  nozzle  associated  with 
internal  effects  (geometrical,  thermal,  mechanical 
and  friction). 

[8]  gives  an  analytical  expression  of  the  thermal 
nozzle.  The  energy  balance  equation  in  its  final 
form  is  as  follows: 

110 


which  is  acceptable  for  the  welding  processes  which 
are  close  to  the  isothermal  ones.  In  this  case  the 
Ar  and  We  numbers  are  of  primary  importance. 
Consider  now  stability  of  the  weld  pool  from  this 
point  of  view. 

As  it  is  known  from  the  theory  of  stability  [10], 
destabilization  of  a  droplet  in  the  gas  flow  occurs 

at  We  >  2 k  and  Bo  =  pi  g  52/g  >  4tt2.  Therefore, 
based  on  reverse  conditions  and  equation  (6),  it 
will  hold 

We  <  2jc;  Bo  <  47T2;  Ar  >  l/2rc, 
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where  Bo  is  the  Boltzmann  number. 

Figure  2  shows  regions  of  stability  of  the  molten 
metal  of  the  weld  pool  corresponding  to  inequalities 
(7).  It  can  be  seen  that  stability  is  provided  by 
certain  relationships  between  inertia  forces  of  gas, 
gravitation  and  surface  forces.  The  inertia  forces 
of  the  gas  should  be  higher  than  the  gravitation 
forces  in  the  liquid,  but  should  not  exceed  capillary 
forces. The  optimal  thickness  of  the  metal,  8d,  com¬ 
parable  with  size  of  a  droplet  in  the  weld  pool  is 
found  from  the  condition  of  equality  of  three  com¬ 
ponents  of  the  process: 

8d  =  2k  V  — .  (8) 

Pi  9 


Figure  2.  Regions  of  stability  in  accordance  with  inequalities 
(7) 


For  example,  for  steel  with  5d  ~  0.02  m,  the 
characteristic  rate  of  the  gas  flow  in  this  case  should 
be  wo  ~  120  m/s  for  argon.  Note  that  relationship 
(8)  determines  the  length  of  a  capillary-gravitation 
wave  on  the  surface  of  the  liquid,  at  which  its 
propagation  velocity  is  minimum.  It  should  be 
noted  that  in  inequality  (7)  the  Bo  number  was 
estimated  at  a  value  of  acceleration  g ,  with  which 
in  the  case  of  a  stable  mode  the  interface  should 
move  toward  the  liquid  phase. 

For  the  weld  pool  to  be  stable,  in  addition  to 
meeting  conditions  (7),  it  is  also  required  that  dis¬ 
turbance  exceeding  some  critical  value  last  shorter 
than  time  T*,  during  which  its  amplitude  grows  to 
a  value  comparable  with  size  of  the  droplet.  T*  is 
usually  assumed  to  be  as  follows: 


T*  — 


_8_ 

Uq 


^1/2 


Pg 


(9) 


which  characterizes  the  rate  of  growth  of  the  dis¬ 
turbance  amplitude  caused  by  the  Rayleigh-Taylor 
instability.  The  full  time  of  development  of  the 
instability,  To  =  t*  +  Td,  includes  also  a  period  of 
natural  oscillations  of  the  droplet,  Td,  which  can 
be  estimated  from  the  following  formula: 


(10) 


Analysis  of  the  experimental  data  [  1 0]  and  com¬ 
paring  them  with  calculations  using  equations  (9) 
and  (10)  allow  a  conclusion  on  orders  of  magni¬ 


tudes  of  the  time  of  beginning  of  the  instability, 
To,  and  the  time  of  induction,  T*.  In  the  instability 
mode  determined  mainly  from  the  We  number  (vi¬ 
bratory  mode),  the  experimental  and  theoretical 
estimates  are  close  and  yield  relationship  To/t*  ~ 
-2-3. 
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ABSTRACT 

Weldability  and  creep  rupture  strength  of  a  new  low-carbon  chromium  steel  of  the  ferritic  class  at  elevated 
temperatures  were  investigated.  Compared  to  the  known  P91  steel,  the  new  steel  is  further  alloyed  with  tungsten. 
Investigations  demonstrated  that  E911  steel  is  not  inferior  to  P91  steel  in  weldability,  while  the  creep  rupture 
values  of  E911  steel  welded  joint  are  higher  than  those  of  P91  welded  joint. 


Key  words :  ferritic  stainless  steels,  E911  steel,  weld¬ 
ability,  creep  strength,  microstructure. 

Chromium  low-carbon  steels  of  ferritic  class  (9  to 
12  %  Cr)  developed  more  than  40  years  ago,  are 
characterised  by  a  high  creep  resistance  at  the  tem¬ 
peratures  up  to  600  °C  and  higher.  Due  to  higher 
thermal  conductivity,  low  coefficient  of  thermal 
expansion,  and  high  resistance  to  thermal  shock, 
these  steels  offer  certain  advantages  over  austenitic 
steels  [1,  2]. 

In  1975  a  new  modified  grade  of  9  %  Cr  steel 
has  been  developed  in  the  US  under  the  leadership 
of  ORNL.  In  ASTM  A335  standard  it  is  designated 
as  P91  (German  designation  is  X10CrMoVNb9.1). 
Further  work  was  performed  to  develop  steels  with 
a  higher  creep  resistance,  compared  to  the  P91  steel . 
Within  the  framework  of  the  European  COST  501 
programme  —  « Development  of  Materials  for  Ad¬ 
vanced  Steam  Cycles»  —  a  new  tungsten-modified 
chromium  E9U  steel  was  developed  designed  for 
advanced  fossil-fired  power  plants. 

For  acceptance  in  practice,  investigation  of 
weldability  of  the  newly  developed  steels  and  their 
long-time  behaviour  are  very  important  aspects. 
Paper  [3]  gives  the  data  on  creep  resistance  at  dif- 

a,  MPa 


Figure  i.  Creep  rupture  strength  of  P91  base  material  and 
cross- weld  sample  [3]:  solid  line  —  P91  base  material;  0,  A  — 
fracture  in  the  base  metal;  0,0—  fracture  in  the  HAZ 
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ferent  temperatures  for  samples  of  P91  steel  and 
samples  cut  out  of  this  steel  welded  joint  across 
the  weld  (Figure  1).  It  can  be  observed  that  the 
welded  samples  failed  in  the  HAZ  at  lower  stresses 
than  those  of  the  base  metal  (P91  steel). 

The  goal  of  this  study  was  characterisation  of 
weldability  of  E91 1  steel,  determination  of  creep 
rupture  strength  (creep  resistance)  of  individual 
HAZ  metal  zones  and  detection  of  weak  zones  in 
the  welded  joints,  as  well  as  comparison  of  the 
main  properties  of  the  above  steel  with  those  of 
P91  steel. 

Production  of  welded  samples.  Pipes  of  E9U 
steel  with  336  mm  outside  diameter  and  62  mm 
wall  thickness,  manufactured  by  Manncsmann  Ro- 
hrenwerke  Plant  were  used  for  investigations.  Two 
welding  processes  were  applied,  namely  sub¬ 
merged-arc  welding  (SAW)  and  shielded  metal-arc 
welding  (SMAW).  Pre-tests  of  welding  consu¬ 
mables  of  different  manufacturers  demonstrated 
that  only  the  consumables  of  Bohler-Thyssen  Weld¬ 
ing  company  led  to  good  impact  toughness  of  the 
sample  metal  for  both  welding  processes.  Chemical 
analysis  of  E9U  steel  and  weld  metal  is  given  in 
Table  1. 


Figure  2.  Macrostructure  of  the  weld  cross-section:  a  —  SAW; 
b  -  SMAW 
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Table  1.  Chemical  composition  of  E911  steel  and  deposited  weld  metal 

Weight  fraction,  % 


C 

Si 

Mn 

Cr 

Ni 

Mo 

W 

V 

Nb 

N 

E911 

0.18 

0.40 

8.61 

0.21 

0.92 

0.19 

0.089 

0.065 

MTS  911 

0.34 

0.65 

9.20 

0.78 

0.91 

0.84 

0.22 

0.045 

0.041 

MTS  911 /Marathon  543 

0.29 

0.51 

8.69 

0.73 

0.90 

1.25 

0.20 

0.030 

0.051 

The  influence  of  heat  input  and  welding  process 
on  the  HAZ  metal  properties  was  studied  in  the 
following  modes: 

1.  Downhand  SAW  with  the  heat  input  of 
13  kj/cm;  Thermanit  MTS  911  welding  wire; 
Marathon  543  flux;  welding  current  of  350  - 
370  A;  voltage  of  29  -  30  V;  welding  speed  of 
50  cm/min. 

2.  Vertical  SMAW  with  the  heat  input  of 
40  kj/cm;  Thermanit  MTS  911  welding  wire; 
welding  current  of  110  -  130  A;  voltage  of  25  - 
28  V;  welding  speed  of  3  cm/min. 

3.  Downhand  SMAW  with  the  heat  input  of 
9.5  kj/cm;  Thermanit  MTS  911  welding  wire; 
welding  current  of  150  -  160  A;  voltage  of  27  - 
30  V;  welding  speed  of  25  cm/min. 

Figure  2  is  the  macrostructure  of  the  cross-sec¬ 
tion  of  samples  welded  by  the  above  processes.  The 
first  sample  was  produced  by  SAW  in  mode  1 .  Half 
of  the  thickness  of  the  second  sample  was  welded 
by  SMAW  in  mode  2  and  the  second  half  in  mode  3. 

Thermocouples  were  placed  in  the  samples  at 
different  distances  from  the  weld,  which  were  used 
to  record  the  thermal  cycles  during  welding  for 
further  simulation  of  heating  and  cooling  of  the 
metal  of  the  weld  and  the  HAZ.  To  make  the  weld¬ 
ing  process  similar  to  the  regular  workshop  condi¬ 
tions,  welding  was  interrupted  over  the  weekend 
without  maintaining  pre-heat  of  the  item  being 
welded.  After  welding  the  welded  samples  were 
allowed  to  cool  naturally  to  ambient  temperature 


prior  to  post-weld  heat  treatment  at  the  tempera¬ 
ture  of  (770  ±  10)  °C  with  2  hours  holding  time. 

Heat-affected  zone  simulation.  Depending  on 
the  initial  condition,  different  microstructures  ap¬ 
pear  in  the  HAZ  metal,  showing  different  proper¬ 
ties  [4].  Simulation  of  weld  thermal  cycles  is  the 
most  powerful  method  for  investigation  of  the  regu¬ 
larities  of  phase  and  structural  transformations  in 
the  HAZ  metal.  Compared  to  investigation  of  the 
metal  structures  in  real  welded  joints,  simulation 
permits  avoiding  the  errors  caused  by  random  fac¬ 
tors. 

Gleeble  1500  machine  was  used  for  simulation. 
The  weld  thermal  cycles  which  are  needed  as  input 
for  the  simulation  process  were  calculated  from 
Rosenthal’s  solution  of  Fourier’s  heat  conduction 
equation  in  a  simplified  version  derived  by 
N.N.  Rykalin  [5].  The  following  characteristics 
were  used  for  calculations:  cooling  time  in  the  tem¬ 
perature  range  between  800  and  500  °C  —  t&/ 5; 
peak  heating  temperature  Tp,  preheat  temperature 
rpr,  and  plate  thickness  8. 

Based  on  measurements  during  the  welding 
process,  weld  thermal  cycles  were  calculated  for 
SAW  process  with  a  heat  input  of  13  kj/cm  and 
Tpr  =  200  °C,  and  for  manual  SMAW  process  at 
q  =  9.5  kj/cm  and  Tpr  =  180  °C.  Cooling  time 
t&/ 5  in  the  first  case  was  12.19  s  and  7.55  s  in  the 
second  case.  Single  weld  thermal  cycles,  with  peak 
heating  temperatures  ranging  from  700  to  1300  °C 
were  simulated,  with  cooling  times  ts/ 5  between 
6  and  160  s.  Standard  post-weld  heat  treatment 


Figure  3.  Thermal  cycles  calculated  for  various  peak  temperatures  Tmax  (700  -  1300  °C)  for  both  investigated  welding  processes; 
a  -  SAW  (q  =  13.0  kj/cm;  Tpr  =  200  °C;  f8/5  =  12.19  s;  5  =  62  mm);  b  -  SMAW  {q  =  9.5  kj/cm;  7pr  =  180  °C;  t8/5  = 
=  7.55  s;  5  =  62  mm) 
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Figure  4.  HVi0  hardness  of  the  weld  and  the  transition  zone  of 
P91  [1]  and  E911  steel  joints:  1  —  as-welded  P91  steel;  2  — 
same,  after  heat  treatment  (750  °C,  2  h);  3  —  E911  steel  after 
welding  and  heat  treatment  (760  °C,  2  h) 

was  performed  at  760  °C  for  2  hours.  Multipass 
welding  was  also  simulated  by  applying  double 
thermal  cycles,  namely  the  first  with  a  peak  tem¬ 
perature  of  1300  °C,  cooling  to  250  °C  and  then  a 
second  thermal  cycle  up  to  900  °C. 

Investigation  of  the  properties  of  the  actual 
and  simulated  HAZ.  Standard  tests  of  E911  steel 
welded  joints  were  performed.  Their  creep  rupture 
strength  was  also  studied.  The  proposed  model  was 
verified  by  studying  the  influence  of  peak  welding 
temperature  7p;  heat  input  characterised  by  cooling 
time  tg/$;  multipass  welding  (double  thermal  cy¬ 
cles);  applied  welding  processes  on  the  hardness, 
toughness,  structure,  and  creep  rupture  strength  of 
HAZ  metal. 

Results  of  standard  testing  of  welded  joints. 
Visual  examination,  ultrasonic  and  liquid  pene¬ 
trant  testing  of  welds  showed  no  recordable  indi¬ 
cations.  All  welded  samples  passed  the  side  bend 
tests  reaching  180°  bending  angle;  only  in  SAW 
weld  metal  small  pores  were  detected,  which,  how¬ 
ever,  did  not  cause  any  cracking.  Transverse  tensile 
tests  of  cross-weld  samples  were  conducted.  The 
ultimate  strength  of  the  samples  welded  by  the  first 
variant  of  technology  was  669/671 ,  by  the  second 
variant  —  671/671,  by  the  third 

677/677  N/mm2.  All  the  samples  failed  in  the 
base  metal.  The  results  of  ISO  V-impact  tests  of 
welded  samples  are  given  in  Table  2. 


Figure  5.  Hardness  of  E911  steel  samples  with  simulation  of 
thermal  cycle  of  welding  and  heat  treatment:  /  —  SMAW; 
2  —  same,  with  heat  treatment  (760  °C,  2  h);  3  —  SAW;  4  — 
same,  with  heat  treatment  (760  °C,  2  h);  5  —  base  metal  hard¬ 
ness;  6  —  same,  with  heat  treatment  (760  °C,  2  h) 
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Table  2.  ISO  V-impact  toughness  tests  of  welded  samples 
(mean  values) 


Welding  process 

Heat 

input, 

kj/c.m 

Impact  toughness,  J, 

at  T,  °C 

20 

50 

80 

Submerged-arc 

13.0 

63 

89 

121 

welding 

Shielded  metal- 

9.5 

49 

76 

87 

arc  welding 

Shielded  metal- 

40.0 

69 

114 

111 

arc  welding 

Hardness  measurement  yielded  the  following 
results:  for  base  metal  HV m  200  -  216;  for  HAZ 
HV 10  211  -  220  (first  and  second  variant);  for 
HAZ  in  the  root  weld  area  HV m  230  -  240;  for 
weld  metal  HV m  230  -  240  (for  all  welding  pro¬ 
cesses). 

All  the  above  tests  fulfilled  the  applicable 
standard  requirements  for  E91 1  steel  welded  joints. 

Experience  showed  that  the  weldability  of  E91 1 
steel  practically  does  not  differ  from  that  of  P91 
pipe  steel.  Long  interruptions  of  welding  and  pre¬ 
heat,  and  sample  temperature  lowering  to  room 
temperature  prior  to  post-weld  heat  treatment 
showed  no  detrimental  effects  on  the  welded  joint 
quality.  All  this  is  highly  important  in  fabrication 
of  welded  structures  of  E91 1  steel  under  workshop 
conditions  and  is  one  of  its  greatest  advantages 
compared  to  X20CrMoV12.1  pipe  steel. 

Hardness.  In  hardness  testing  of  P91  steel 
welded  joints  it  was  noted  that  the  HAZ  metal 
develops  a  soft  zone  after  post- weld  heat  treatment. 
The  metal  hardness  in  the  zone  is  by  approximately 
HV io  20  lower  than  that  of  the  base  metal  (Fi¬ 
gure  4).  The  hardness  profile  of  the  metal  of  the 
zones  of  E911  steel  welded  joint  is  similar  to  that 
of  P91  steel  (Figure  4). 

To  define  the  zone  in  which  maximum  HAZ 
softening  occurs,  simulation  data  were  used,  which 
are  given  in  Figure  3.  Simulation  was  performed 
for  two  heat  input  values.  The  derived  results  are 
presented  in  Figure  5.  The  thermal  cycles  with  peak 
temperatures  up  to  about  875  °C  practically  do  not 
influence  the  hardness  of  E911  steel  base  metal. 


Figure  6.  Results  of  creep  tests  of  E91 1  steel  samples  simulating 
various  HAZ  zones:  /  —  base  material;  2  —  same,  with  heat 
treatment  (760  °C,  2  h);  3  -  SMAW;  4  -  SAW 
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Figure  7.  Creep  rupture  strength  of  E91 1  steel  welded  joint  at 
different  temperatures:  a  —  600;  b  —  625;  c  —  650  °C;  d  — 
same,  after  16567  h  of  testing  (points  designated  by  numbers 
correspond  to  sample  numbers  in  Figure  8) ;  Q  —  base  material; 
▲  —  SAW  with  heat  treatment  (770  °C,  2  h);  #  —  vertical 
SMAW  with  heat  treatment  (770°C,  2  h);  ♦  —  same,  in  the 
horizontal  position;  dashed  lines  indicate  the  range  of  values 
for  the  base  material;  solid  lines  are  for  the  welded  joint 

Minimum  hardness  was  observed  in  the  tempera¬ 
ture  range  between  875  and  1000  °C.  The  hardness 
in  this  region  is  lower  by  about  HV\ o  10.  The 
beginning  of  a ->  y  transformation  as  a  function  of 
the  thermal  cycles  can  be  observed  by  the  hardness 


Figure  8.  Fracture  location  in  E911  steel  samples  welded  by 
vertical  SMAW  process,  after  creep  rupture  tests  at  650  °C: 
a  —  sample  26  (or  =117  MPa;  x  =  217);  b  —  sample  28  (a  = 
=  70  MPa;  x  =  4295);  c  —  sample  30  (o  =  52  MPa;  x  =  16567  h) 

increase  in  as-welded  condition.  After  heat  treat¬ 
ment  the  hardening  effect  disappears. 

Creep  tests  of  samples  simulating  various  zones 
of  the  HAZ.  The  purpose  of  the  tests  was  to  inves¬ 
tigate  the  influence  of  the  HAZ  metal  softening  on 
creep  resistance  of  E91 1  welded  samples  after  heat 
treatment  (760  °C,  2  h).  Testing  was  performed  at 
600  °C  with  a  constant  strain  rate  e  =  M0-5  s-1. 
This  test  method  was  first  applied  on  this  type  of 
steel  in  [6]. 

The  results  of  these  tests  are  shown  in  Figure  6. 
Under  these  conditions  the  maximum  creep  rupture 
value  is  310  MPa  for  the  base  metal.  For  heating 
temperatures  in  the  range  of  850  -  1050  °C,  the 
most  significant  decrease  in  creep  resistance  is 
found,  whose  minimal  value  (275  MPa)  was  re¬ 
corded  at  925  °C. 

Creep  tests  performed  on  E911  steel  welded 
samples  at  600  °C  have  reached  20000  h,  at 
625  °C  -  11000  h  and  at  650  °C  -  16500  h  du¬ 
ration  time  so  far.  The  results  of  these  experiments 
and  E91 1  base  metal  tests  are  presented  in  Figure  7. 
Depending  on  testing  temperature  and  stress,  there 
is  a  tendency  for  the  fracture  location  to  shift  from 
the  base  metal  towards  the  soft  zone  in  the  HAZ. 
In  the  SAW  samples  the  fracture  is  located  in  the 
weld,  in  which  pores  were  detected  as  mentioned 
above. 

The  data  of  creep  tests  of  the  samples  at  650  °C 
with  testing  time  of  16567  h  is  shown  in  Figure  8, 
c.  At  high  stress  levels  the  fracture  is  located  in 


Figure  9.  Macrostructure  of  the  cross-section  of  sample  28  (left 
side) 
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the  base  metal  (Figure  8,  a ).  As  the  applied  stress 
decreases,  the  fracture  location  shifts  into  the  HAZ 
(Figure  8,  b,  c).  Study  of  the  microstructure  of  the 
sample  given  in  Figure  8,  6,  showed  (Figure  9) 
micropores  and  cracks  in  the  HAZ  zone  (left  side 
of  the  sample  in  Figure  8  ,  b)  heated  in  the  range 
of  Ac i  to  Ac 3  temperatures. 

Energy -Filtering  Transmission  Electron  Mi¬ 
croscopy  (EFTEM).  The  EFTEM  method  [7]  al¬ 
lows  identifying  different  precipitates  in  the  metal 
of  the  weld  and  the  HAZ.  Samples  cut  out  of  a 
welded  joint  of  cast  G-X12  steel  similar  to  E911, 
were  used  for  electron  microscopy  investigations. 
The  weld  metal  structure  is  similar  to  that  of  the 
base  material.  The  soft  zone  in  the  HAZ  shows  in 
the  post-weld  heat  treated  condition  an  annealed 
martensitic  structure.  After  short  testing  times 
Laves  phase  developed  in  the  weld  and  the  soft 
zone  of  the  HAZ,  and  after  12000  h  duration  time 
the  appearance  of  a  new  so-called  modified  Z-phase 
was  recorded  [8].  With  longer  duration  times  a 
coarsening  and  coagulation  of  the  Laves  and  Z- 
phases  could  be  observed.  Precipitates  of  chromium 
and  vanadium  carbides  of  M23C6  and  MC  type, 
respectively,  which  were  also  detected,  did  not 
coarsen.  Appearance  of  the  Cr-  and  V-rich  Z-phase 
was  accompanied  by  a  decrease  of  carbide  content. 
Creep  resistance  decrease  with  long  duration  of 
testing  (>  10000  h)  is  probably  due  to  the  observed 
microstructural  changes. 

Similar  electron  microscopy  investigations  of 
E91 1  steel  welded  joints  are  now  in  progress.  It  is 
anticipated  that  they  will  demonstrate  the  same 
nature  of  microstructural  changes  in  creep  rupture 
tests. 

In  conclusion  it  should  be  noted  that  the  new 
chromium  E911  steel  additionally  alloyed  with 
tungsten,  has  satisfactory  weldability  compared  to 


the  known  P91  steel  [1,  6],  although  in  the  HAZ 
metal  a  drop  in  the  creep  resistance  can  be  observed. 

Depending  on  testing  temperature  and  stress, 
there  is  a  tendency  of  the  fracture  location  shifting. 
While  at  high  stresses  the  fracture  location  was  in 
the  base  metal,  at  their  lowering  it  was  found  in  a 
soft  zone  of  the  HAZ.  At  600  °C  and  testing  du¬ 
ration  of  20000  h,  the  measured  creep  rupture  val¬ 
ues  of  the  welded  joint  and  the  base  metal  were  on 
the  same  level.  At  625  and  650  °C  the  creep  rupture 
values  for  the  welded  joint  were  below  those  of 
E911  base  metal  by  20  %.  However,  the  drop  in 
creep  rupture  values  in  E911  steel  welded  joints 
starts  at  higher  temperatures  than  in  P91  steel 
welded  joints. 
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ABSTRACT 

The  state-of-the-art  in  certification  of  welding  fabrication  in  the  machine-building  industry  branches  of  Russia 
is  analyzed  and  evaluated.  The  ways  of  an  integrated  solution  of  problems  existing  in  the  field  of  certification 
are  suggested. 


Key  words:  production  quality,  certification  (produc¬ 
tion,  products,  quality  systems),  certification  systems,  qua¬ 
lity,  special  processes. 

During  the  period  of  formation  of  the  market  re¬ 
lations  in  Russia,  the  improvement  of  the  quality 
of  products,  including  weldments,  is  of  a  special 
importance,  thus  promoting  the  more  complete 
meeting  the  customer  requirements,  the  growth  of 
the  national  resources,  and  also  a  successful  com¬ 
petition  of  the  Russian  manufacturers  at  the  do¬ 
mestic  and  international  markets. 

The  production  quality  means  the  presence  of 
certificates  of  conformity  of  products  to  the  estab¬ 
lished  functional  requirements  and/or  standards 
of  safety,  as  well  as  certificates  for  the  quality 
system  (QS)  or  fabrication  facility,  registered  in 
the  authorized  systems  of  certification,  for  exam¬ 
ple,  in  the  System  of  GOST  R,  at  the  customer’s 
disposal. 

At  present,  more  than  1000  bodies  (centers)  on 
certification  are  accredited  in  the  System  of  certi¬ 
fication  GOST  R,  including  46  bodies  on  QS  cer¬ 
tification,  more  than  2000  test  centers  and  labora¬ 
tories,  about  100  system  of  a  voluntary  certifica¬ 
tion,  15  systems  of  a  mandatory  certification  and 
more  than  40  systems  of  certification  of  similar 
products  and  services  fl  -3]. 

Most  manufacturers  of  different  branches  of  a 
machine-building  complex  certify  their  products 
either  in  specialized  industry  systems  of  certifica¬ 
tion,  or  in  systems  of  certification  of  groups  of 
similar  products,  or  in  accordance  with  rules  or 
procedures  of  certification  of  definite  kinds  of  the 
products. 

However,  there  are  no  systems  and  rules  until 
now  to  certify  the  welding  fabrication  items,  which 
do  not  belong  to  a  potentially  dangerous  nomen¬ 
clature.  This  led  to  the  fact  that  the  works  on 
certification  of  welded  structures  are  accomplished 
by  non -specialized  bodies  and  not  taking  into  ac- 
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count  the  specifics  of  the  technology  of  welding 
according  to  the  rules  (programs),  which  are  not 
regulated  at  the  all-system  level  within  the  scope 
of  the  System  of  certification  GOST  R.  In  addition, 
in  the  Register  of  personnel  of  Gosstandart  the 
training  and  attestation  of  experts  on  certification 
of  the  products  and  QS  of  the  welding  fabrications 
arc  not  organized  properly.  Therefore,  the  certifi¬ 
cation  is  often  made  by  experts  of  other  specialty 
with  inviting  consultants  in  the  field  of  welding. 

The  absence  of  the  system,  rules  and  procedure, 
and  also  experts  of  the  required  specialization  is 
especially  negative  in  certification  of  products  ac¬ 
cording  to  the  schemes  which  envisage  the  assess¬ 
ment  of  status  of  the  production  system  or  its  sepa¬ 
rate  elements  (analysis  of  status  of  production,  cer¬ 
tification  of  production  or  certification  of  the  QS 
of  the  enterprise). 

Certified  and  constantly  improving  QS  of  the 
enterprise  or  a  certified  production  are  the  main 
guarantee  of  the  stability  of  the  product  quality 
and  serve  an  important  confirmation  of  the  com¬ 
petitiveness  of  the  enterprise,  an  element  of  the 
industrial  efficiency  and  a  basis  of  the  stable  export 
of  the  products. 

The  QS  on  the  basis  of  international  standards 
(IS)  ISO  series  9000  found  the  widest  application 
in  the  industrialized  countries  of  the  world. 

The  Gosstandart  of  Russia  has  accepted  ISO 
standards,  which  define  the  requirements  to  the 
models  of  the  quality  assurance  (ISO  9001,  ISO 
9002  and  ISO  9003),  as  the  national  standards. 

Russian  standards  GOST  R  ISO  9001 ,  ISO  9002 
and  ISO  9003,  harmonized  with  the  international 
standards,  regulate,  by  the  idea  of  the  developers, 
requirements  to  the  models  of  QS  of  the  enterprises, 
not  depending  on  a  definite  branch  of  the  industry, 
a  sector  of  production  and  the  products.  However, 
these  standards  cannot  be  used  to  a  full  extent  for 
the  development  and  next  certification  of  the  QS 
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of  the  enterprises  which  have  special  technological 
processes,  including  welding  [4],  This  is  due  to  an 
imperfection  of  the  standard  base  of  the  Russian 
system  of  certification  with  respect  to  welding  pro¬ 
cesses  (fabrication).  There  are  no  groups  of  stan¬ 
dards  similar  to  IS  ISO  3834  (1  -  4)  or  European 
EN  729  (1  -4)  in  the  System  of  certification 
GOST  R,  which  define  the  requirements  to  the  QS 
in  welding  fabrication  and  used  in  the  international 
practice  in  combination  with  IS  ISO  9001,  ISO 
9002  or  individually  [5].  The  same  concerns  the  IS 
which  regulate  the  additional  requirements  to  the 
personnel  qualification,  attestation  of  welding 
technology,  some  types  of  inspection  of  welding, 
supervising  and  inspection  personnel  and  also  to 
the  tests  of  the  technological  equipment  [6,  7]. 

As  a  result  it  is  difficult  to  create  a  comprehen¬ 
sive  model  of  QS  of  enterprise  or  a  scheme  of  cer¬ 
tification  for  the  welding  fabrication  which  will 
correspond  to  the  international  criteria  using  the 
existing  domestic  standardizing  base. 

Therefore,  audit  and  assessment  of  the  status  of 
elements  of  the  production  system  during  certifi¬ 
cation  of  the  welding  products  remain  only  inten¬ 
tions  for  the  welding  fabrication  in  spite  of  their 
great  importance. 

To  solve  this  problem,  the  Technical  Committee 
on  standardization  « Wei  ding  and  Related  Pro- 
cesses»  TK-364  of  Gosstandart  of  Russia  has  a  pro¬ 
posal  to  discuss  the  problem  about  the  need  in  the 
development  of  an  individual  integral  System  of  a 
voluntary  certification  in  the  welding  industry  as 
a  constituent  part  (subsystem)  of  the  System  of 
certification  GOST  R.  The  proposed  system  should 
meet  the  requirements  of  Laws  of  Russian  Federa¬ 
tion  « About  the  protection  of  rights  of  consumers» , 
«About  standardization*,  « About  certification  of 
products  and  services»,  standard-legal  acts  in  the 
field  of  certification,  basic  documents  of  the  System 
of  certification  GOST  R,  and  also  specifics  of  weld¬ 
ing  technologies,  products  and  requirements  of  in¬ 
ternational  documents  (instructions,  standards, 
manuals,  etc.)  of  the  quality  assurance  of  welding 
fabrication  products. 

Taking  into  account  the  domestic  and  foreign 
experience  in  the  creation  of  systems  of  certification 
of  groups  of  similar  products  and  also  the  practical 
aspects  of  development  and  certification  of  the  QS 
for  the  conformity  to  the  Russian  standards  of 
GOST  R  ISO  9001,  ISO  9002,  IS  ISO  3834  (1  - 
4)  the  accreditation  field  of  the  suggested  system 
should  cover  in  a  general  form  two  basic  and  in¬ 
terrelated  trends: 

certification  of  groups  of  similar  products  of  the 
welding  fabrication  for  the  conformity  to  the  re¬ 
quirements  of  domestic  standards; 

certification  of  production  system  or  its  separate 
elements,  production  QS  (including  the  analysis 
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of  status  of  production),  and  also  the  welding  and 
inspection  personnel. 

Certification  of  groups  of  similar  products  of 
welding  industry  (welded  structures).  The  rules  of 
certification  of  products  in  the  System  of  GOST  R 
are  established  in  a  general  form  by  a  document 
« Procedure  of  certification  of  products  in  Russian 
Federation»  (with  Amendment  N.l;  registration 
number  1139),  and  also  rules  (procedures)  of  cer¬ 
tification  of  similar  products  [8  -  10]. 

However,  to  certify  the  welded  structures  it  is 
rational  to  make  the  rules  more  precise  taking  into 
account  the  specifics  of  the  welding  fabrication  and 
the  types  of  similar  products  characterized  by  defi¬ 
nite  common  features. 

As  is  known,  the  welding  products  possess  the 
following  peculiar  features: 

variety  of  nomenclature,  groups  and  types; 
different  series  production  systems  (from  single 
and  small  production  to  mass  production); 

manufacture  of  products  by  the  enterprises  of 
different  branches  of  the  machine-building  with 
different  technical  level  of  manufacture; 

high  requirements  to  the  quality  of  welded 
joints  and,  as  a  consequence,  the  need  in  high  skill 
of  the  welding  and  inspection  personnel,  as  also  in 
certified  technological  processes  of  welding,  tech¬ 
nological  and  test  equipment. 

Taking  into  account  the  above-mentioned  fea¬ 
tures  of  the  welded  structures  it  is  rational  to  work 
out  several  rules  (procedures)  of  certification  for 
each  definite  group  of  the  similar  products.  These 
rules  and  the  group  of  participants  in  certification 
will  become  a  basis  of  the  developing  system  of 
certification  of  a  group  of  similar  products  of  the 
welding  industry. 

The  rules  of  certification  of  groups  of  similar 
products  include: 

purpose  and  field  of  their  application; 
list  of  the  quality  characteristics  which  provide 
the  functional  purpose  of  the  product  and  its  safety; 

list  of  standardized  documentation  used  in  cer¬ 
tification  and  test  methods; 

schemes  of  certification  used  in  the  system; 
description  of  the  structure  of  the  system  of 
certification  of  similar  products; 

procedure  of  conductance  of  works  for  certifi¬ 
cation  of  products  in  the  system; 

procedure  of  inspection  of  certified  products, 
consideration  of  appeals,  rules  of  storage  and  re¬ 
gistration  of  certificates,  etc. 

Formation  of  systems  of  certification  of  groups 
of  similar  products  is  made  taking  into  account  the 
following: 

presence  of  similar  international  system; 
common  character  of  the  production  method  and 
fields  of  application  of  products; 

common  character  of  requirements  to  the  pro¬ 
ducts; 
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common  character  of  methods  of  examination 
and  testing; 

common  character  of  the  field  of  spreading  the 
standardized  documentation. 

In  the  system  of  certification  of  groups  of  similar 
products  it  is  necessary  to  define  the  nomenclature 
of  products  subjected  to  the  certification  by  refer¬ 
ring  to  the  codes  of  a  classifier  of  products  or  a 
nomenclature  of  goods  of  foreign  activity  and  also 
by  indication  of  corresponding  standards  and  docu¬ 
ments  suitable  for  them. 

The  quantity  of  rules  (procedures)  in  the  system 
of  certification  of  the  single  products  is  determined 
usually  both  by  a  quantity  of  the  group  of  the 
similar  products  proper  and  by  the  variety  of 
schemes  of  certification  of  the  products  oriented  to 
the  inspection  of  the  status  of  the  production  in 
several  directions,  requirements  of  standards  ISO 
to  welding  concerning  the  attestation  of  the  tech¬ 
nology,  equipment  and  personnel,  requirements  of 
standards  of  GOST  and  ISO  to  the  test  laboratories 
and  bodies  on  certification. 

In  our  case  they  arc: 

general  rules  of  conductance  of  works  on  certi¬ 
fication  in  the  system  of  certification  of  similar 
products  of  the  welding  industry; 

rules  of  certification  of  definite  types  of  welded 
structures; 

procedure  of  analyzing  the  status  of  welding 
fabrication; 

typical  programs  of  analyzing  the  status  of 
welding  fabrication; 

procedure  of  conductance  of  works  on  certifi¬ 
cation  of  welding  fabrication; 

procedure  of  conductance  of  works  on  certifi¬ 
cation  of  QS  of  welding  fabrication; 

rules  of  certification  of  welding  consumables; 

rules  of  certification  of  welding  equipment  and 
auxiliaries; 

procedure  of  attestation  of  personnel  of  welding 
industry; 

procedure  of  testing  welded  structures; 

procedure  of  inspection  of  bodies  of  certifica¬ 
tion; 

procedure  of  inspection  of  certified  products, 
QS,  fabrication,  personnel,  etc. 

Certification  of  a  production  system.  During 
certification  of  products  by  a  body  of  the  certifi¬ 
cation,  the  production  system  is  subjected  to  audit 
in  one  of  three  directions  to  assess  the  conditions 
for  assurance  of  stable  output  of  products  with 
preset  requirements  1 10, 11]:  analysis  of  production 
status;  production  certification  and  certification  of 
the  QS  of  the  enterprise. 

To  understand  the  place  of  the  welding  fabri¬ 
cation  in  audit  and  assessment  of  the  production 
system,  we  shall  describe  each  of  the  directions  in 
detail. 
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Analysis  of  the  production  status.  This  analysis 
is  used  to  confirm  the  presence  of  the  necessary 
conditions  for  assurance  of  conformity  of  the  output 
products  to  the  established  requirements. 

The  production  status  is  evaluated  by  experts 
of  the  bodies  of  certification  in  accordance  with 
recommendations  on  certification  R50. 3. 004-99 
« System  of  certification  GOST  R.  Analysis  of  the 
production  status  in  certification  of  products». 

Recommendations  contain  the  procedures  of 
certification,  rules  for  taking  decisions  and  formu¬ 
lation  of  work  results  obtained  from  the  analysis 
of  the  production  status  during  mandatory  and  vo¬ 
luntary  certification  of  products. 

Scope  and  composition  of  all  the  audits  during 
the  analysis  of  the  production  status  correspond 
partially  to  the  requirements  of  2  from  20  elements 
of  the  QS  model  according  to  GOST  R  ISO  9001 , 
ISO  9002,  namely:  control  of  processes,  inspection 
and  testing. 

The  analysis  of  the  production  status  is  used  in 
a  domestic  practice  of  certification  of  the  products 
only  due  to  the  fact  that  the  majority  of  enterprises 
are  not  yet  ready  to  the  creation  and  certification 
of  the  QS  for  conformity  to  the  requirements  of 
GOST  R  ISO  9001,  ISO  9002. 

However,  in  creation  of  the  certification  system 
in  the  welding  fabrication  it  is  rational  to  preserve 
the  procedures  of  audit  and  assessment  of  the  pro¬ 
duction  status,  adding  them  with  requirements  to 
the  personnel  qualification  and  also  to  the  attesta¬ 
tion  of  the  welding  technology  and  equipment. 

Certification  of  production.  This  certification 
is  aimed  at  the  evaluation  of  its  conformity  to  the 
requirements  of  the  QS  elements,  which  guarantee 
the  stabil  ity  of  the  quality  characteristics  and  safety 
of  the  products  inspected  during  certification. 

The  works  on  certification  and  inspection  arc 
performed  in  accordance  with  the  requirements  of 
standards  of  GOST  R  40.004-96  «System  of  cer¬ 
tification  GOST  R.  Register  of  the  quality  systems. 
Procedure  of  conductance  of  production  certifica¬ 
tion^  GOST  R  40.005-96  «System  of  certification 
GOST  R.  Register  of  quality  systems.  Inspection 
of  quality  and  production  systcms»,  PR  50.3.001. 

Certification  is  performed  by  the  body  on  cer¬ 
tification  of  production  or  the  QS  in  cases  when 
the  certification  of  products  is  made  by  the  scheme 
5  (in  accordance  with  certification  ISO)  and  when 
there  is  no  QS  at  the  enterprise  or  when  the  manu¬ 
facturer  requires  the  certificate  of  production  with¬ 
out  certification  of  the  products. 

During  certification  of  production,  10  from  20 
elements  of  the  QS  model  according  to  GOST  R 
ISO  9001,  ISO  9002  are  checked.  This  provides  a 
larger  range  of  true  data  about  the  conditions  of 
production  than  during  the  production  status  ana- 
lyzing. 
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Only  the  experts  on  certification  of  productions 
or  QS  arc  admitted  for  the  production  certification. 

After  completion  of  the  certification  the  Tech¬ 
nical  Center  of  Register  of  QS  (TC  RQS)  issues 
the  certificate  to  the  enterprise  about  the  conform¬ 
ity  of  production  on  the  basis  of  an  act  of  the 
commission  of  experts. 

In  foreign  practice  there  are  no  schemes  of  cer¬ 
tification  of  products  using  the  certification  of  pro¬ 
duction,  no  analysis  of  the  production  status,  be¬ 
cause  all  the  guarantees  of  stability  of  the  produc¬ 
tion  system  are  provided  only  by  the  certification 
of  the  QS.  And,  therefore,  the  certificate  of  pro¬ 
duction  is  not  valid  for  the  foreign  partners  as  a 
document  which  guarantees  the  quality  of  pro¬ 
ducts. 

In  certification  of  production  as  well  as  in  certi¬ 
fication  of  the  QS  of  the  enterprise,  the  scope  and 
composition  of  audit  by  the  element  of  «control  of 
processes»  (unlike  the  analysis  of  the  production 
status)  correspond  completely  to  the  element  4.9  of 
GOST  R  ISO  9001,  ISO  9002  and  contain  require¬ 
ments  to  «special  processes»,  including  welding. 

However,  to  develop  the  required  technical 
documentation  for  the  mentioned  element  of  the 
QS  of  welding  fabrication  (procedures  of  attesta¬ 
tion  of  welding  technology  and  personnel,  method 
of  technology  testing,  working  instructions,  etc.) 
is  very  difficult  at  present  due  to  imperfection  of 
the  domestic  standardizing  base. 

Certification  of  the  quality  systems.  Certifica¬ 
tion  of  the  QS  is  organized  and  carried  out  to  con¬ 
vince  consumers  of  products,  management  of  en- 
terprises-manufacturers  and  other  interested  par¬ 
ties  of  a  feasibility  of  a  manufacturer  to  provide 
consumers  with  products  which  correspond  to  the 
established  requirements  [12]. 

The  certification  of  the  QS  is  an  action  of  third 
party  which  proves  that  the  QS  identified  in  ap¬ 
propriate  way  corresponds  to  a  selected  model  of 
system  of  the  quality  assurance  according  to  GOST 
R  ISO  9001,  ISO  9002  or  another  standardizing 
documents  defined  by  an  applicant  [13]. 

It  is  evident  that,  first,  the  QS  of  the  enterprises 
for  the  conformity  to  requirements  of  the  definite 
standardized  documents  should  be  developed  and 
implemented.  And  only  then,  it  is  possible  to  per¬ 
form  the  certification  of  this  system. 

The  development  of  QS  in  accordance  with  re¬ 
quirements  of  standards  of  GOST  R  ISO  9001 ,  ISO 
9002  and  next  certification  of  the  functioning  sys¬ 
tem,  as  a  rule,  does  not  encounter  great  problems 
if  it  does  not  concern  the  welding  fabrication.  Usu¬ 
ally,  the  developer  of  the  system  has  all  necessary 
standard  information,  which  corresponds  to  stan¬ 
dards  ISO  series  9000,  in  its  disposal  and  follows 
their  requirements. 

In  case  of  development  of  QS  in  the  system  of 
GOST  R  for  the  enterprises  dealing  with  welding, 


the  developers  encounter  difficulties  because  of  ab¬ 
sence  of  standard  documentation  in  this  system, 
which  regulate  requirements  to  the  welding  pro¬ 
cesses  in  the  aspect  of  the  quality  assurance.  There¬ 
fore,  it  is  necessary  to  develop  standards  for  the 
suggested  system  of  certification,  within  the  scope 
of  which  the  activity  on  certification  of  the  welding 
fabrication  QS  will  be  realized.  It  is  necessary  to 
develop  standards  on  which  both  the  creation  and 
subsequent  certification  of  QS  taking  into  account 
the  Russian  and  international  standards  will  be 
based.  Moreover,  the  standard  GOST  R  40.001-95 
recommends  to  establish  requirements  to  QS  in  the 
certification  system  using  in  this  case  the  IS  ISO 
series  9000  and  other  international,  regional  and 
national  documents. 

Development  of  the  standardized  documenta¬ 
tion  for  the  creation  and  certification  of  QS  in  the 
welding  fabrication  should  be  made,  in  our  opinion, 
in  two  variants. 

According  to  the  first  variant  it  is  necessary  to 
develop  a  number  of  standards  for  the  existing 
standards  using  the  model  of  the  quality  assurance 
of  GOST  R  ISO  9001,  ISO  9002  for  element  4.9. 
« Control  of  processes »  (chapter  « Special  pro¬ 
cesses^.  They  will  regulate  both  the  requirements 
to  the  qualification  of  the  welding  technology, 
welding  and  inspection  personnel  and  also  the  rules 
for  conductance  of  their  attestation,  and  also  re¬ 
quirements  to  tests  of. technological  equipment. 

On  the  basis  of  these  standards  it  would  be 
feasible: 

to  develop  the  documented  procedures,  which 
will  guarantee  the  conductance  of  welding  pro¬ 
cesses  under  the  controllable  conditions  by  a  quali¬ 
fied  personnel  and  by  using  the  certified  techno¬ 
logical  equipment; 

to  make  current  records  about  the  attestation 
of  the  qual  ified  personnel ,  procedures  of  the  process 
and  equipment  (record  of  quality). 

Then,  the  certification  of  the  QS  and  subsequent 
inspection  can  be  performed  in  accordance  with  the 
requirements  of  the  existing  standards. 

Certification  should  be  made  only  by  a  body  of 
the  QS  certification  with  experts  on  QS  certifica¬ 
tion.  On  completion  of  certification,  the  certificate 
of  QS  conformity  to  the  requirements  of  one  of 
standards  of  GOST  R  ISO  9001,  ISO  9002  will  be 
issued  to  the  enterprises  on  the  basis  of  an  act  of 
commission  of  exports  of  TC  RQS. 

According  to  the  second  variant  (not  depending 
on  the  realization  of  the  first  variant)  it  is  rational 
to  use  the  basic  standards  from  a  complex  of  ex¬ 
isting  international  standards  ISO  on  assurance  of 
quality  in  welding  by  their  direct  use,  giving  them 
status  of  national  (similar  to  standards  of  GOST 
R  ISO  9001 ,  ISO  9002,  GOST  R  ISO  14.001 ,  ISO 
14.004,  ISO  14.010,  etc.). 
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The  basic  standards  of  ISO  on  the  quality  as¬ 
surance  in  welding  are  as  follows: 

ISO  3834  (1  -  4)  «Quality  requirements  for 
welding-fusion  welding  of  metallic  materials  (1  - 
4  parts) »; 

ISO  9956  (1  -  13)  «Technical  requirements  and 
attestation  of  welding  technology  (1-13  parts) »; 

ISO  9606  (1  -  5)  «Attestation  of  welders;  fu¬ 
sion  welding  (1-5  parts) »; 

ISO  14731  «Supervision  of  welding  jobs.  Tasks 
and  responsibility ». 

This  list  can  be  added  by  IS  which  are  used  in 
the  development  of  elements  of  the  QS  according 
to  ISO  3834  (1  -  4):  «Analysis  of  agreements  in¬ 
spection  of  structures*,  « Production  and  test 
equipment»,  «Filler  materials»,  «Quality  control 
and  other  tests»,  «Reports  (records)  on  quality*, 
etc. 

Certification  of  personnel.  At  present  in  Russia 
there  is  no  system  of  certification  of  personnel  of 
enterprises,  organizations  and  institutions  in  its  in¬ 
ternational  meaning,  and,  moreover,  the  law  of 
Russian  Federation  « About  certification  of  pro¬ 
ducts  and  serviccs»  does  not  mention  the  certifica¬ 
tion  of  the  personnel  in  general  [14]. 

The  mandatory  certification  of  authorized  per¬ 
sons,  specialists  and  workers  to  obtain  the  permis¬ 
sion  to  work  was  carried  out  only  at  the  enterprises, 
organizations  and  objects,  being  within  the  juris¬ 
diction  of  Gosgortekhnadzor,  Gosatomnadzor,  Gos- 
stroy  of  Russian  Federation  and  some  other  federal 
bodies. 

Attestation  has  a  private  character  and  it  is  per¬ 
formed  according  to  branch  and  departmental  rules 
and  rates  (rather  strict)  and  intended  only  for 
workers  and  specialists  who  is  working  at  the  su¬ 
pervised  objects  and  having  a  professional  educa¬ 
tion,  practical  experience  in  a  specialty  and,  as  a 
rule,  high  skill. 

Similar  attestation  of  the  personnel  at  the  ob¬ 
jects  of  an  increased  danger  also  exists  in  the  in¬ 
ternational  practice,  including  that  in  the  field  of 
welding  and  related  processes. 

In  our  case  we  mean  the  system  of  certification 
of  the  personnel  in  the  Russian  Federation  as  a 
constituent  part  of  the  National  System  of  certifi¬ 
cation  GOST  R  (including  welding  personnel).  The 
need  in  creation  of  this  system  was  caused  by  an 
objective  state  of  the  Russian  economy  to  assure 
the  conformity  of  the  qualitative  level  of  the  per¬ 
sonnel  to  the  requirements  specified  by  the  inter¬ 
national  markets  of  labour  and  also  to  harmonize 
the  national  system  of  certification  with  require¬ 
ments  of  IS  EN  series  45000,  ISO,  IEC. 

The  certification  and  recognition  (including 
mutual  recognition)  of  qualification  of  personnel 
of  the  Russian  enterprises  at  the  international  level 
would  be  useful,  because  at  present  in  Russia  the 
foreign  certification  of  the  personnel  is  not  accepted 


and  accreditation  of  foreign  bodies  on  certification 
of  personnel  is  not  made. 

In  Russia  the  works  on  the  creation  of  the  system 
of  certification  of  the  personnel  are  carried  out  by 
the  Ministry  of  labour  and  social  development,  as 
well  as  by  Gosstandart  on  the  instructions  of  the 
government  of  the  Russian  Federation  since  1997 
in  accordance  with  the  statement  of  April  29,  1997 
No.219  « About  the  development  of  system  of  cer¬ 
tification  of  personnel  in  the  Russian  Federations 
These  works  were  directly  authorized  by  the  Mi¬ 
nistry  of  labour  and  social  development  in  Russia. 
The  management  and  coordination  of  works  on  at¬ 
testation  and  certification  of  the  system  experts, 
as  well  as  the  certification  of  the  personnel  proper 
were  entrusted  to  the  Register  of  system  of  certi¬ 
fication  of  personnel  of  Gosstandart.  At  present 
the  system  of  certification  of  the  personnel  is  at 
the  stage  of  its  establishment.  Thus,  in  accordance 
with  the  order  of  Gosstandart  No. 428  of  13.10.1999 
an  expert  commission  has  been  created  for  the  cer¬ 
tification  of  the  system  experts  and  the  procedure 
of  conductance  of  works  on  certification  of  the  ex¬ 
perts  is  developed. 

To  certify  specialists  of  the  welding  industry 
within  the  scope  of  the  system  of  the  personnel 
certification  it  is  necessary  to  develop  a  number  of 
standardized  documents,  which  will  regulate  re¬ 
quirements  to  the  qualification  of  specialists  of  dif¬ 
ferent  levels  and  to  their  certification  and  also  to 
the  bodies  on  certification  of  welding  supervision 
and  inspection  personnel. 

Realization  of  politics  of  Register  of  Gosstan¬ 
dart  and  central  body  of  the  system  as  well  as 
certification  of  the  personnel  will  be  carried  out  in 
regions  by  the  bodies  of  certification  organized 
within  the  scope  of  the  system.  One  of  these  bodies 
can  be  organized  on  the  base  of  the  Russian-German 
Educational  Center  on  training  and  attestation  of 
welders  and  specialists  of  the  welding  industry  of 
the  Institute  of  Welding  of  Russia. 

Organizing  of  certification  system  in  welding 
industry.  Organizational  structure  of  the  certifica¬ 
tion  system  in  the  welding  industry  is  presented  in 
Figure  1. 

Structure  of  the  system  of  certification  of  similar 
products  of  the  welding  fabrication  is  given  in  Fi¬ 
gure  2. 

The  National  Body  on  Certification  (Gosstan¬ 
dart  of  Russia)  will  realize  its  activity  on  the  basis 
of  rights,  commitments  and  responsibility  envis¬ 
aged  by  existing  laws  of  the  Russian  Federation 
and,  as  a  Federal  Body  of  an  executive  power  it 
will  realize  the  preparation  and  conductance  of 
works  on  a  mandatory  and  voluntary  certification. 

The  Central  Body  of  the  system  (CBS)  will 
fulfil  its  functions  in  accordance  with  article  10  of 
Law  of  Russian  Federation  «About  certification  of 
products  and  services»  and  on  the  basis  of  status 
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Figure  1.  Organizational  structure  of  system  of  certification  of  welding  fabrication 
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Figure  2.  Organizational  structure  of  system  of  certification  of  similar  products  of  welding  industry 


9-10/2000 


123 


WELDED  STRUCTURES 


of  CBS.  The  CBS  will  be  accredited  by  Gosstandart 
and  will  have  a  status  of  an  independent  and  tech¬ 
nically  competent  body  on  tests  and  certification 
of  a  wide  assortment  of  products  of  the  Russian 
and  foreign  manufacturers. 

The  functions  of  the  CBS  in  certification  of  the 
QS  and  fabrication  will  be  fulfilled  by  TC  RQS, 
while  in  certification  of  the  personnel  these  func¬ 
tions  will  be  fulfilled  by  the  Ministry  of  labour 
and  social  development  of  Russia. 

Technical  Committee  on  standardization 
«Welding  and  Related  Processes»  TK-364  will  re¬ 
alize,  by  the  proposal  of  CBS,  management  and 
coordination  of  the  development  of  basic  stand¬ 
ardized  documents  of  the  system  of  certification  in 
the  welding  industry. 

Scientific-methodological  center  of  the  system 
of  certification  will  realize  the  development  of  or¬ 
ganizing-methodological  documents  of  the  system, 
render  methodical  assistance  to  the  participants  of 
the  system,  collect  and  analyze  information  about 
the  results  of  activity  on  certification  in  the  system 
and  submit  it  to  the  central  body. 

The  requirements  to  the  bodies  on  certification 
of  products,  QS  and  productions  have  been  estab¬ 
lished  by  the  GOST  R  51000.5-96  «General  re¬ 
quirements  to  the  bodies  on  certification  of  prod¬ 
ucts  and  services ». 

The  right  for  the  conductance  of  works  in  Sys¬ 
tem  of  GOST  R  are  given  to  the  accredited  bodies 
on  certification  and  test  laboratories  (centres), 
which  received  the  license  from  Gosstandart  of  Rus¬ 
sia.  Functions,  fulfilled  by  bodies  on  certification 
and  test  laboratories  (centres),  are  regulated  by 
the  << Rules  on  conductance  of  certification  in  the 
Russian  Federation»  [8]. 

The  work  in  the  certification  bodies  is  fulfilled 
by  the  specialists  with  an  obligatory  participation 
of  experts  on  certification,  who  passed  attestation 
in  the  Register  of  system  of  certification  of  person¬ 
nel  of  Gosstandart. 

At  present,  as  to  the  field  of  welding  fabrica¬ 
tion,  only  one  body  on  certification  of  materials 
and  equipment  for  welding  industry  and  welded 
structures  is  functioning  in  the  System  of  certifi¬ 
cation  GOST  R  on  the  base  of  the  Institute  of 
Welding.  It  is  envisaged  for  the  system  of  certifi¬ 
cation  being  formed  to  organize  the  additional  body 
(bodies)  on  certification  of  similar  products;  bodies 
on  certification  of  QS  and  productions;  bodies  on 
certification  of  welding  and  inspection  personnel. 

Requirements  to  the  test  laboratories  (centres) 
are  established  in  GOST  R  51.000.3-96  «Gencral 
requirements  to  test  laboratories».  As  participants, 


the  system  can  include  the  as-attested  test  labora¬ 
tories  of  regional  enterprises  of  the  welding  indus¬ 
try  and  also  the  territorial  test  laboratories  and 
bodies  of  certification. 

Applicants  can  be  domestic  or  foreign  organi¬ 
zations  (enterprises),  individual  businessmen, 
who  submitted  the  application  for  the  certifica¬ 
tion. 

It  can  be  concluded  that  the  development  of  the 
system  of  certification  in  the  welding  industry  is 
not  a  simple,  but  a  long  organizing-technical  pro¬ 
cess  which  requires  great  expenses.  The  start  has 
been  already  made  by  the  Technical  Committee, 
Institute  of  Welding  of  Russia,  and  also  by  some 
enterprises  dealing  with  welding  technologies  and 
which  are  interested  in  the  manufacture  of  the  com¬ 
petitive  products. 
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ABSTRACT 

State-of-the-art  of  the  metal  stock  of  welded  structures  under  the  conditions  of  their  corrosion  and  ageing  is 
considered.  Specifics  of  a  mechanical -corrosion  strength  of  welded  joints  and  approaches  to  the  calculation  of 
strength  at  stress  corrosion  are  shown. 


Key  words:  welded  structures,  welded  joints,  me¬ 
chanical-corrosion  strength,  electrochemical  heterogeneity, 
residual  welding  stresses,  stress  corrosion. 

The  mechanical-corrosion  strength  (MCS) 
means  the  resistance  of  materials  and  structures  to 
fracture  at  a  combined  action  of  mechanical  loads 
and  corrosion-active  media,  including  those  with  a 
sorption  action  at  a  dominating  role  of  the  energy 
of  mechanical  loads. 

The  most  part  of  the  large-sized  constructions 
is  the  welded  structures  used  under  conditions  of 
action  of  ecologically-  and  corrosion-hazardous 
technological  and  natural  environments.  Statistic 
processing  and  analysis  of  failures  of  welded  struc¬ 
tures  show  that  the  fracture  is  initiated  mainly  in 
the  zone  of  welded  joints  and  connections. 

To  evaluate  the  resistance  of  welded  structures 
to  fracture  we  have  suggested  and  used  the  MCS 
model  and  algorithm  of  assessment  of  resistance  of 
structures  to  fracture. 

The  principle  of  the  model  is  as  follows.  The 
resistance  R  of  metal  structures  to  fracture  and 
inverse  value  (susceptibility  to  fracture)  are  deter¬ 
mined  by  three  main  conditions:  material  properties 
M;  stress-strain  state  N  and  action  of  environment 
E ,  i.e.  R( t)  e  M  +  N  +  E.  These  conditions  within 
the  technological  and  service  periods  of  «  life  cycle» 
of  the  structure  are  changed  in  time  t. 

Depending  on  the  definite  conditions,  different 
types  of  structure  fracture  are  possible  in  the  M~ 
N~E  system,  i.e.  from  the  mechanical  fracture  with 
a  high  rate  of  crack  propagation  to  the  fracture 
with  relatively  low  rates  in  the  form  of  a  continuous 
corrosion.  Each  of  the  above  conditions  is  interde¬ 
pendent. 

The  metal  properties  are  determined  from  the 
initial  parameters  of  metal  M1}  their  changing  un¬ 
der  the  effect  of  technological  treatment  AMt  in 
the  process  of  manufacture  of  structures  and  in 
service  A Ms.  Thus,  M(t)  e  M\±  AMt  ±  A Ms. 

The  first  factor  M[  depends  on  chemical  com¬ 
position  of  the  material,  its  structure,  phase  com¬ 


position,  content  and  distribution  of  impurities  and 
also  on  the  technological  heredity  of  production 
(it  defines  initial  resistance  of  metal  to  the  action 
of  environment  and  loading  under  the  given  con¬ 
ditions);  second  and  third  factors  depend  on  the 
degree  of  changing  this  resistance.  Technological 
operations  used  in  the  process  of  structure  manu¬ 
facture  (for  example,  welding)  deteriorate  the  ini¬ 
tial  properties  of  the  metal  due  to  an  additional 
heterogeneity  caused  by  appearance  of  different 
types  of  non-homogeneity  (macro-  and  microchemi¬ 
cal,  structural,  elastic-plastic  state,  geometric, 
physical,  electrochemical,  etc.).  The  properties  of 
material  A Ms  are  changed  greatly  under  the  action 
of  service  environment,  especially  hydrogen-con¬ 
taining  and  hydrogen-evolving  media. 

The  stress-strain  state  of  the  structure  is  deter¬ 
mined  by  service  loads:  designed  loads  N<\,  their 
deviation  in  service  AATS,  technological  stresses  AMt 
(assembly-erection,  deformational ,  welding,  etc.), 
i.e.  N(x)  e  N&  ±  ANt  ±  ANS. 

The  stressed  state  is  characterized  by  a  value,  sign, 
scheme  rigidity,  concentration,  gradient,  cyclicity  of 
elastic  and  plastic  deformations  and  stresses  of  I  and 
II  kind  (gi  and  Gp),  reserve  and  concentration  of  a 
potential  energy  (W\,  W\i)  of  structure  elements  and 
the  structure  as  a  whole  (for  example,  gas  supply 
systems  are  characterized  by  a  high  reserve  of  a  po¬ 
tential  energy  of  the  I  kind). 

The  effect  of  service  environment  is  determined 
by  its  initial  properties  E\  (chemical  composition, 
concentration  of  active  ions,  pH,  presence  of  im¬ 
purities),  which  characterize  both  the  technologi¬ 
cal  media  and  transported  products  and  also  the 
effect  of  external  factors  (climatic  conditions,  pro¬ 
perties  of  soils,  etc.). 

The  degree  of  effect  of  environment  depends  on 
a  number  of  the  following  factors:  conditions  of 
contact  of  medium  with  a  material  (temperature, 
pressure,  flow  rate,  presence  of  hard  particles,  etc.) 
and  the  quality  of  protection  (inhibition,  protective 
coatings,  electrochemical  protection),  on  service 
changes  and  violation  of  design  tasks  (composition 


©  O.I.  STEKLOV,  2000 


WELDED  STRUCTURES 


of  inner  and  external  media,  technological  factors 
and  environmental  conditions).  Thus,  E(x)  g  E\  ± 
±  AEt  ±  A Es. 

The  corrosion  action  is  complex,  occurring  un¬ 
der  the  definite  temperature-time  conditions  in 
combination  with  sorption,  erosion  and  cavitation 
phenomena.  The  resistance  of  metal  structures  to 
fracture  (serviceability)  is  determined  by  a  general 
structural  formula 


R(x)  e  1 


Mix)  g  Mi  ±  A Mt  ±  Ms, 
N( t)  g  Nd±ANt±  A Ns, 
E(x)  g  E[±  AEt  ±  A Es. 


All  kinds  of  corrosion  failures  of  welded  struc¬ 
tures  are  caused  practically  by  a  stress  corrosion 
(SC)  as  the  load-carrying  structures  are  used  under 
the  conditions  of  a  complex  stress-strain  state  (ATd, 
AJVt,  ANS)  at  the  action  of  static  and  cyclic  loads 
and  also  random  loading. 

Depending  on  the  degree  of  effect  of  factors  of 
M-N-E  system  the  corrosion  (anode),  mechanical 
(deformational)  and  sorption  (adsorption  and  ab¬ 
sorption)  processes  are  manifested  in  different  degree 
and,  respectively,  the  different  types  of  corrosion- 
mechanical  fractures  are  occurred:  continuous  and 
local  corrosion,  intensified  by  a  mechano-chemical 
effect,  cracking  with  a  formation  of  cracks  of  an  ava¬ 
lanche  type  under  the  action  of  static  (corrosion 
cracking)  and  cyclic  (corrosion  fatigue)  stresses. 

At  a  complex  action  of  aggressive  environments 
the  different  mechanisms  of  stress  corrosion  frac¬ 
ture  (SCF)  are  possible.  Depending  on  the  definite 
conditions  one  of  the  following  processes  can  be 
decisive  (the  sequence  of  records  reflects  conditio¬ 
nally  their  importance)  and,  consequently,  the  frac¬ 
ture  mechanism  will  be  different:  corrosion- 
mechano-sorption  (c-m-s) ;  mechano-corrosion- 
sorption  (m-c-s);  corrosion-sorption-mechanical 
(c-s-m);  mechano-sorption-corrosion  (m-s-c); 
sorption-mcchano-corrosion  (s-m-c);  sorption-cor¬ 
rosion-mechanical  (s-c-m).  Effect  of  each  process 
at  different  stages  of  cracking  does  not  remain  con¬ 
stant.  Three  main  mechanisms:  c-m-s,  m-c-s,  s- 
m-c  arc  most  practically  important. 

The  stressed  state  promotes  the  corrosion  pro¬ 
cess  in  metal  due  to  the  following  factors: 

increase  in  internal  energy  of  metal,  thus  caus¬ 
ing  decrease  in  its  thermodynamic  stability; 

violation  of  continuity  and  deterioration  of  pro¬ 
tective  properties  of  surface  films  under  the  action 
of  deformation; 


increase  in  degree  of  heterogeneity  due  to  ap¬ 
pearance  of  crystal  lattice  defects  and  new  anodic 
phases  under  the  action  of  deformation. 

In  general ,  the  hazardous  effect  of  stressed  state 
on  corrosion  consists  not  much  in  increase  in  a 
continuous  corrosion,  but  in  changing  its  mode  and 
transformation  from  a  uniform  corrosion  to  a  local 
corrosion.  Stresses  intensify  the  local  corrosion  and 
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have  a  negligible  influence  on  the  continuous  cor¬ 
rosion. 

Specifics  of  welded  joints.  Conditions  of  a 
spontaneous  corrosion  process  are  known:  AS  >  0, 
S  — »  max;  AG  <  0,  G  — >  min  ( S  is  the  entropy  of 
system,  G  is  the  Gibbs’  isobar-isothermal  poten¬ 
tial)  which  characterize  the  thermodynamic  and 
electrochemical  instability  of  metal.  The  change  of 
the  electrochemical  potential  Aq>  is  associated  with 
a  Gibbs’  potential  by  the  relation  Aq>  =  -AG/nF 
( n  is  the  amount  of  gram-equivalent  of  substance; 
F  is  the  Faraday’s  number).  The  change  in  the 
Gibbs’  potential  and,  respectively,  the  electro¬ 
chemical  potential,  caused  by  a  physical-chemical 
effect  of  welding  (PhChEW)  is  determined  by  the 
difference  of  potentials  of  the  weld  metal  Gw,  <pw 
and  parent  metal  Gm,  <pm,  i.e. 


AGW  —  Gw  Gm,  A9  —  (pw  (pm. 


The  effect  of  welding  process  is  started  at  the 
technological  stage  of  a  «life  cycle»  of  the  structure 
in  the  form  of  action  on  the  factors  according  to 
the  scheme 


PhChEW^ 


A Mt  (A Gw) 

AGmw 

ANt  (A Gnd) 

AGfw 

— >  AGW  — >  A(pw, 


where  AGmw,  AGfw,  AGnd  is  the  change  of  the 
Gibbs’  potential  under  the  action  of  the  welding 
process  in  metal  itself,  in  a  surface  film  and,  due 
to  appearance  of  natural  elastoplastic  deformation, 
in  the  processes  of  melting,  solidification,  polymor¬ 
phous  transformation,  decay  of  oversaturated  solid 
solutions,  ageing  and  recrystallization,  deforming, 
respectively. 

Coming  from  the  above  considerations,  the 
welded  joint  is  a  complex  physical-chemical,  me¬ 
chanical  and  electrochemical  macro-  and  microhe- 
terogeneous  system  with  typical  types  of  inhomo¬ 
geneity  and  their  high  gradient.  The  structural- 
chemical  macro-  and  microheterogencity  (SChH) 
of  metal  and  its  surface  are  caused  by  the  presence 
of  typical  HAZ  (macroheterogeneity)  and  the  pre¬ 
sence  of  grains,  their  boundaries,  phases,  inclu¬ 
sions,  clusters  of  dislocations  (microheterogeneity) 
inside  each  zone.  The  heterogeneity  of  elastoplastic 
state  (EPH)  is  caused  by  a  non-uniform  distribu¬ 
tion  of  residual  elastic  and  plastic  deformations 
and  their  change  in  loading,  while  a  geometric  hete¬ 
rogeneity  (GH)  is  caused  by  the  presence  of  tech¬ 
nological  and  design  stress  raisers  in  the  joint  and 
weld  defects. 

The  heterogeneity  of  the  mentioned  types  de¬ 
fines  mechanical  (MH),  physical  (PhH)  and  elec¬ 
trochemical  (EChH)  heterogeneity  which  are  in¬ 
tegral  characteristics  of  properties  of  the  welded 
joint,  and  different  types  of  corrosion. 

Thus,  the  effect  of  PhChEW  on  the  structure 
resistance  to  fracture  in  reactive  media  can  be  pre¬ 
sented  in  the  form  of  a  scheme 
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A Mt 

SChN 

MH 

PhChEW  -» 

EPH 

PhH 

ANt 

GH 

EChH 

where  Rw,  Rm  is  the  fracture  resistance  of  welded 
joint  metal  and  parent  metal,  respectively. 

Among  the  complex  of  factors,  influencing  the 
MCS  of  welded  joints  and  structures,  we  shall  con¬ 
centrate  on  the  role  of  a  macroelectrochemical  he¬ 
terogeneity  of  welded  joints,  effect  of  residual 
welding  stresses  and  initial  strength  of  materials 
being  welded,  steels  of  a  ferritic-pearli  tic  class  in 
particular. 

Effect  of  macrostructural  heterogeneity.  The 

welded  joint  stipulates  a  localization  of  initiation 
and  propagation  of  corrosion-mechanical  fracture 
(CMF)  due  to  inhomogeneity  of  metal  properties, 
presence  of  initial  stress  raisers  in  the  form  of  tech¬ 
nological  defects  and  design  peculiarities  of  the 
joints,  and  also  due  to  action  of  the  residual 
stresses. 

As  the  analysis  of  fractures  of  welded  joints 
showed,  the  air-tightness  of  structures  is  disturbed 
due  to  propagation  of  corrosion  defects,  formed  at 
the  surface  of  the  welded  joint,  inside  of  the  metal; 
propagating  of  surface  cracks  occurred  in  the  form¬ 
ing  corrosion  defect  until  formation  of  a  through 
crack;  growth  of  surface  cracks  (stress  raisers) 
without  large  corrosion  damages  in  the  place  of 
their  initiation. 

In  the  first  case  the  service  life  of  the  structure 
is  determined  by  a  rate  of  formation  of  a  corrosion 
defect  n(mm/year)  which  depends  on  maximum 
density  of  current  i  in  accordance  with  the  Fara¬ 
day’s  law: 

n  =  no  i 

where  TIo  i^  the  electrochemical  equivalent  at  i  = 
=  1  A/mm  ,  mm/year;  iz  =  iext  +  ico ,r  +  tm, ch  (*ext 
is  the  density  of  the  corrosion  current  determined 
by  macroheterogeneity  of  the  welded  joint;  icor  is 
the  density  of  corrosion  current  of  autolysis  of 
zones;  imxh  is  the  density  of  anodic  current  as  a 
result  of  a  mechano-chemical  effect). 

The  procedure  of  II  determination  includes, 
first,  the  determination  of  a  section  liable  to  great¬ 
est  stress  in  the  welded  joint,  which  has  a  maximum 
current  density,  using  a  distribution  of  current  den¬ 
sity  over  the  surface  of  non-homogencous  regions, 
and,  secondly,  the  determination  of  constituents  of 
maximum  current  density. 

In  the  second  case  the  service  life  of  the  joints 
consists  of  a  duration  of  a  stage  of  the  corrosion 
defect  formation  until  the  moment  of  crack  initia¬ 
tion  in  it  and  a  stage  of  a  stable  crack  propagation 
to  critical  sizes. 

In  the  third  case  the  assessment  of  the  stage  of 
initiation  of  the  surface  crack  does  not  differ  from 
the  methods  of  its  detection  used  in  examination 


of  fractures  without  a  corrosion  medium.  The  du¬ 
ration  of  the  stage  of  a  stable  growth  is  determined 
the  same  as  in  the  second  case. 

The  influence  of  the  corrosion-active  media  on 
the  kinetics  of  fatigue  fracture  of  welded  elements 
from  ferritic-pearl itic  steels  depends  on  two  main 
factors:  values  pH  and  anode  potential  (p.  The  de¬ 
crease  in  pH  and  decrease  in  an  absolute  value  cp 
decrease  the  resistance  of  welded  joints  to  the  fa¬ 
tigue  fracture. 

The  allowance  for  an  effect  of  neutral  corrosion 
environments,  which  are  typical  of  ferritic-pearlitic 
steel  structures,  on  the  life  of  welded  elements  de¬ 
pends  on  the  type  of  fracture.  At  alternating  loads 
it  is  possible  to  distinguish  two  basic  types  of  frac¬ 
tures:  mechano-corrosion  and  corrosion-mechani¬ 
cal.  In  the  first  case,  the  mechanical  factor  was  a 
cause  of  fracture.  The  presence  of  the  medium  does 
not  change  the  essence  of  stages  of  fracture,  and 
only  intensifies  the  process  of  the  crack  growth. 
For  CMF  the  first  stage  consists  of  a  formation  of 
a  service  stress  raiser  (corrosion  defect)  and  initia¬ 
tion  of  a  crack  in  it.  The  rate  of  growth  of  the 
corrosion  defect  vc  is  calculated  by  formula 

vc  —  vq  Ki  c 

where  vq  is  the  rate  of  a  uniform  corrosion  deter¬ 
mined  experimentally  during  examination  of  the 
object  using  relation  =  C$d  “  SY)/t\  5a,  Sr  are 
the  design  and  real  thickness  of  an  element,  respec¬ 
tively;  t  is  the  service  duration);  K[  c  is  the  coef¬ 
ficient  of  intensification  of  corrosion  at  the  expense 
of  a  mechano-chemical  effect,  which  is  calculated 
using  a  known  relation 

Ki.c  =  (Kstm  +  1)  exp  (KnA™), 

where  Ks t  is  the  mechano-static  parameter  (5  - 
6  —  for  carbon  steels,  6 -7  —  for  low-alloyed 
steels);  Kn  =  V /^l3RT  (V  —  molar  volume  of 
steel);  A  and  m  are  the  parameters  of  a  curve  of  a 
strain  hardening. 

The  results  of  experimental  study  of  effect  of 
corrosion  media  on  the  characteristics  of  the  fatigue 
fracture  for  steels  of  1 7GS  grade  are  given  in  Table. 
The  decrease  in  pH  and  increase  in  an  absolute 
value  (p  reduces  the  metal  resistance  to  the  fatigue 
fracture. 

Residual  welding  stresses  (RWS)  are  one  of 
the  main  factors  which  determine  a  potential  energy 
of  the  system  ( M-N-E )  and  energy  conditions  of 
the  crack  propagation. 

Environments  which  cause  the  corrosion  crack¬ 
ing  and  embrittlement  of  the  material  increase  dras¬ 
tically  the  effect  of  residual  stresses;  the  environ¬ 
ments,  which  arc  neutral  and  plasticizing  the  ma¬ 
terial,  change  negligibly  the  role  of  residual  stresses 
in  the  process  of  fracture  as  compared  with  an  effect 
of  the  latter  at  the  absence  of  the  environment. 
The  environments  of  the  first  group  are  most  ha¬ 
zardous  for  a  service  strength  of  the  structures. 
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Steel  grade 


T ype  of  medium 


9,  mV 

v,  m/ cycle 
in  air 

v,  m/cycle 
in  medium 

Pb 

530  Weld 

1.0-10-7 

jCn 
i— >• 

O 

di 

4.1 

580  HAZ 

1.6-10-7 

7.5-10  7 

4.7 

490  PM 

1.3-10-7 

4.3- 1 0— 7 

3.3 

530  Weld 

1.2-10-7 

4.8-10- 7 

4.2 

580  HAZ 

2.0- tO-7 

1.0-10-6 

5.2 

490  PM 

1.5-lCf7 

5.7- 1 0~ 7 

3.8 

;  welding  with  4  mm  diameter  UONI  13/45  electrodes  was  used;  is  the 

17  GS  Water  solution  with  addition 

of  caustic  soda 
pH  =  9.2  "  9.4 


Water  solution  with 
3  %  NaCl 
pH  6.5  -  7.0 


cient  of  acceleration  of  fracture  in  medium. 


The  level,  rigidity  of  the  scheme  and  potential 
energy  of  the  RWS  have  the  effect  on  the  resistance 
of  the  welded  joints  to  the  corrosion  cracking. 

It  was  established  that  the  corrosion  cracks  are 
caused  by  the  tensile  components  of  stress,  not 
depending  on  the  method  of  loading.  For  all  metals, 
the  time  before  cracking  is  continuously  decreased 
with  the  growth  of  the  stress.  The  increase  in 
stresses  (both  in  Gext  and  Gnat)  promotes  the  weak- 
ening  and  damage  of  the  protective  films;  causes 
the  increase  in  concentration  of  elastoplastic  defor¬ 
mations  in  microcracks  and  in  the  tip  of  the  propa¬ 
gating  crack,  and  also  intensifies  the  mechanical 
and  (associated  with  strain  concentration)  corro¬ 
sion  and  sorption  processes.  At  the  same  time,  in 
most  cases  a  threshold  of  minimum  stresses  athr  IS 
observed  on  the  curves  of  a  corrosion  cracking  x  ~ 
=  /’(a),  below  which  the  cracking  is  not  propagated 
during  a  long  time  or  does  not  occur  at  all.  The 
level  of  threshold  stresses  depends  on  a  definite 
system  M~N~E.  The  threshold  of  minimum  stresses 
is  observed  in  loading  both  at  an  external  load  and 
also  RWS.  The  approximate  values  othr  for  welded 
joints  of  steel  of  St. 3  (rimmed)  grade  in  alkali 
~Oy,  in  nitrites  othr  ~  0-5  ay,  of  steel  grade 
12Khl8N10T  in  boiling  chlorides  ~  (0.4  - 
0.6)g0  2,  titanium  alloys  in  methanolbromic  media 
~  (0.3  -  0.4)g0  2,  in  acid  media  ~  (0.5  -  1  .0)g0  2, 
aluminium  alloys  in  sea  water  ~  (0.5  -  0.8)g0  2. 

In  accordance  with  a  kinetic  theory  of  strength 
of  solid  bodies  the  time  x  before  fracture  of  the 
material  is  determined  by  the  expression  of  type 
x  =  Aexp(-ocG),  where  A  and  a  are  the  constants, 
g  are  acting  tensile  stresses.  For  a  case  when  the 
material  is  subjected  to  corrosion  cracking  (  typical 
brittle  fracture),  the  law  of  superposition  is  justi¬ 
fied,  i.e.  summation  of  stresses  from  external  load 
and  residual  stresses.  In  accordance  with  a  kinetic 
theory  of  strength  and  a  law  of  superposition  the 
life  at  the  presence  of  residual  stresses  during  cor¬ 
rosion  cracking  is  determined  by  the  expression 

T  =  A  exp  [~£(G  -  Othr)l  =  A  exP  [  ~E(&ext  + 

+  ^res  —  ^thr)  1 

at  Gext  +  Ores  >  CTthr,  where  Gext>  Ores  are  the  stresses 
from  external  load  and  natural  stresses,  respec¬ 
tively;  A(s)  and  B( MPa)  are  the  coefficients  which 


depend  on  properties  of  metal ,  medium  and  stressed 
state.  The  established  relationship  may  serve  a  basis 
for  calculation  of  strength  and  service  life  of  the 
structure  by  a  threshold  stresses.  The  examples  of 
calculations  are  given  in  works  [1  ”3]. 

The  propagation  of  avalanche  cracks  is  deter¬ 
mined  by  a  potential  energy  of  the  first  kind  W\. 
The  most  hazardous  is  an  elastic  energy  of  RWS, 
concentrated  mainly  in  the  zone  of  plastic  defor¬ 
mations  of  the  welded  joints,  whose  metal  is  cha¬ 
racterized  by  the  highest  inhomogeneity  and,  due 
to  this,  subjected  to  the  corrosion  action  to  the 
greatest  extent. 

Thus,  the  RWS  are  the  potential  source  of  ini¬ 
tiating  the  fracture  and  propagation  of  cracks  both 
under  the  conditions  of  static  and  cyclic  loading 
over  the  whole  trajectory  of  the  propagating  crack. 

It  was  established  that  RWS  in  a  reactive  region 
can  decrease  greatly  the  fatigue  limit  of  the  welded 
element  under  the  action  of  external  load  being 
transverse  with  respect  to  the  weld.  The  adequate 
effect  of  RWS  on  the  propagation  of  surface  cracks 
directed  along  the  weld  is  shown:  in  the  region  of 
low  rates  of  the  fracture  propagation  (near-thresh- 
old  region)  the  tensile  RWS  accelerate  the  growth 
of  surface  cracks,  while  the  compressive  RWS  delay 
their  growth.  For  the  through  cracks  an  opposite 
tendency  is  observed:  compressive  stresses  acceler¬ 
ate  and  the  tensile  stresses  delay  the  propagation 
of  the  fatigue  fracture.  The  main  laws  of  RWS 
redistribution  in  the  process  of  growth  of  a  surface 
macrocrack  are  established.  It  is  shown  that  during 
the  crack  propagation  in  the  region  of  its  tip  the 
sign  of  the  RWS  is  not  changed  even  in  that  case 
when  the  crack  tip  is  located  in  the  region  of  the 
compressive  RWS. 

The  effect  of  strength  of  materials  being 
welded.  Let  us  consider  the  case  related  to  the  gas 
pipelines.  With  increase  in  strength  of  the  used 
materials  the  hazard  of  SCF  was  increased  drasti¬ 
cally.  For  example,  during  recent  years  the  SCF 
becomes  the  main  type  of  failures  of  the  main  gas 
pipelines  (MGP).  The  fracture  occurs  mainly  in 
the  zone  of  welded  joints,  probably,  by  a  corro- 
sion-mcchano-sorption  mechanism  (c-m-s). 

At  present,  due  to  SCF,  about  75  %  failures  of 
MGP  was  caused  by  corrosion,  and  during  recent 
three  years  more  than  a  half  of  total  failures  was 


128 


Slllil  mi 


9-10/2000 


WELDED  STRUCTURES 


observed  in  gas  pipelines  of  1220  -  1420  mm  di¬ 
ameter. 

Failures  caused  by  SCF  are  typical  of  the  third 
(17G1SU  grade)  and  fourth  (16G2SFB)  genera¬ 
tions  of  pipe  steels  with  a  controllable  rolling,  as 
with  an  increase  in  a  specific  strength  of  the  ma¬ 
terial,  its  sensitivity  to  the  stress  raisers,  techno¬ 
logical  actions  and  reactive  media  is  increased 
greatly. 

The  basic  dependence  of  design  strength  5a,  i.e. 
resistance  of  structure  to  fracture  under  the  action 
of  external  loads,  on  material  strength  5m  of  a 
definite  class  has  an  extreme  nature.  Structures 
from  materials  of  a  low  and  medium  strength  are 
characterized  by  a  proportional  relation  between 
Sm  and  S&.  An  abrupt  decrease  in  S&  with  an  in¬ 
crease  in  Sm  due  to  a  high  increase  in  effect  of  stress 
raisers  and  technological  factors  in  the  structure 
manufacture  on  these  characteristics  is  possible  for 
the  high-strength  materials. 

This  tendency  is  intensified  under  conditions  of 
stress  corrosion  which  is  manifested  in  an  abrupt 
decrease  in  critical  coefficients  of  intensity  of 
stresses  at  corrosion  cracking  K\Scc • 

Extremum  of  relationship  nc  =  f(Sm )  is  deter¬ 
mined  by  the  M-N-E  system  and  for  various  dif¬ 
ferent  classes  of  materials. 

It  seems  to  us  that  from  the  positions  of  MCS 
of  oil  and  gas  constructions  the  strength  charac¬ 
teristics  of  steels  of  oil  and  gas  assortment  should 
be  limited  by  the  level  of  approximately  700  MPa. 

The  application  of  steels  with  an  increased 
strength  for  the  construction  of  large-diameter  gas 
pipelines  led  to  a  significant  increase  in  an  elastic 
energy,  stored  in  the  pipe  metal.  As  the  statistics 
shows  there  is  a  real  correlation  between  the  dy¬ 
namics  of  changing  the  strength  of  pipe  steels,  in¬ 
crease  in  reserve  of  elastic  energy  and  the  decrease 
in  time  before  cracking  the  MGP  at  an  incubation 
period  of  cracking  of  pipelines  made  of  advanced 
steels,  which  amounts  to  about  10  years. 

At  the  conditions  of  a  critical  combination  of 
factors  of  M-N-E  system  all  the  pipe  steels  are 
susceptible  to  a  stress  corrosion  in  different  ways. 
Thus,  for  the  low-alloyed  as-normalized  steels  the 
time  of  fracture,  caused  by  SCF,  coincides  with 
the  beginning  of  a  period  of  an  accelerated  degra¬ 
dation  of  material  properties  caused  by  the  pro¬ 
cesses  of  «ageing».  For  steels  of  the  fourth  genera¬ 
tion  the  time  before  cracking  does  not  coincide 
neither  with  a  period  of  so-called  extra-operation, 
nor  with  a  period  of  «ageing».  And  here,  each  of 
failures  of  the  MGP,  caused  by  SCF,  should  be 
considered  as  a  critical  event.  The  difference  in 
behaviour  of  the  steel  groups  considered  indicates 
that,  probably,  different  mechanisms  are  responsi¬ 
ble  for  the  cracking  in  these  steels. 

The  susceptibility  of  pipe  metal  to  the  cracking 
is  determined  by  a  total  contribution  of  all  kinds 


of  heredity,  acquired  at  the  stages  of  manufacture 
of  a  rolled  sheet  and  pipe,  during  assembly-weld¬ 
ing-erection  works,  during  construction  of  the  pipe¬ 
line,  and  also  changes  in  structure  and  properties 
of  metal,  which  are  accumulated  in  it  in  the  course 
of  a  long-time  action  of  loads  and  corrosion  media. 
In  this  case  the  metallurgical  heredity  is  one  of  the 
causes  of  the  metal  cracking.  As  to  the  process  of 
stress  corrosion  (especially  for  steels  of  the  fourth 
generation),  in  parallel  with  peculiarities  of  the 
structure  as  steel  purity  by  non-metal  lie  inclusions, 
their  shape  and  size,  the  role  of  factors  of  higher 
scale  level,  the  role  of  a  fine  structure  forming  in 
metal  of  the  pipeline  at  all  stages  of  its  service 
cycle  in  particular,  is  very  important.  And  namely 
this  can  explain  the  high  susceptibility  of  steels  of 
a  controllable  rolling  to  stress  corrosion,  which,  as 
compared  with  ordinary  steels,  are  superior  to  lat¬ 
ter,  including  contamination  by  non-metallic  in¬ 
clusions.  In  this  connection,  special  investigations, 
directed  to  the  optimizing  the  metal  structure  at 
the  controllable  rolling,  should  be  carried  out. 

It  should  be  noted  that  none  of  the  charac¬ 
teristics  of  service  properties,  rated  by  existing 
standards  for  steel  and  pipes,  gives  a  possibility  to 
judge  about  the  pipe  metal  resistance  to  SCF.  This 
conclusion,  from  the  one  hand,  proves  that  the  sus¬ 
ceptibility  of  steels  to  cracking  is  put  even  at  the 
stage  of  designing  (as  in  standards  the  requirements 
to  the  corrosion  resistance  are  not  specified),  and 
from  the  other  hand,  it  shows  the  impossibility  of 
traditional  methods  of  the  quality  control  of  pipe 
products  to  reveal  those  structural  mechanisms 
which  control  the  SCF  process.  Therefore,  a  num¬ 
ber  of  service  criteria  should  be  supplemented  with 
criteria  of  resistance  to  SCF.  It  is  know  that  the 
large-diameter  gas  pipelines  accumulate  a  large 
amount  of  a  potential  energy,  which  increases  dras¬ 
tically  the  hazard  of  avalanche  fractures.  At  the 
same  time,  in  a  practice  of  examination  of  causes 
of  stress-corrosion  fractures  this  factor  was  not  paid 
a  necessary  attention.  It  is  considered  that  during 
developing  CMF  the  decisive  role  belongs  to 
stresses,  and  the  value  of  elastic  energy  of  metal 
deformation  depends  completely  on  these  stresses. 
However,  the  comparison  of  the  given  data  shows 
that  these  concepts  are  not  always  equivalent  in 
their  effect.  It  was  established,  that  the  suscepti¬ 
bility  to  cracking  and  time  before  fracture  almost 
in  all  cases  correlate  with  a  level  of  a  potential 
energy  stored  in  the  pipeline,  while  such  correlation 
is  not  very  clear  when  the  stress  values  are  used. 

In  connection  with  above  circumstances  and 
high  ecological  hazard  in  case  of  a  failure  of  oil 
and  gas  constructions,  it  is  necessary  to  develop 
and  keep  scientifically-grounded  requirements  to 
the  selection  of  materials,  technology  of  manufac¬ 
ture  (welding  especially),  integral  protection 
(electrochemical,  coatings,  inhibition),  technical 
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diagnostics  in  the  course  of  designing,  construction 
and  service  of  the  equipment  made  from  steels  of 
the  fourth  and  next  generations. 

In  genera],  the  creation  of  the  new  fifth  gene¬ 
ration  of  steels  of  the  oil  and  gas  assortment  should 
envisage  a  complex  alloying,  increased  purity  of 
metal  with  aglobulization  of  impurities,  optimizing 
of  a  controllable  rolling  with  guaranteed  service 
and  technological  properties  including  cold  resis¬ 
tance,  MCS  and  weldability. 

Concerning  the  problem  of  hydrosulphuric 
cracking,  the  problem  of  selection  of  structural  ma¬ 
terials  has  been  solved  mainly  as  a  result  of  pur¬ 
poseful  research  works  and  experience  in  imple¬ 
mentation  of  the  Orenburg  GKM. 

The  present  steels  for  the  oil  and  gas  equipment 
possess  a  complex  inhomogeneous  structure,  whose 
corrosion  properties  are  determined  not  much  by 
the  properties  of  the  steel  matrix,  but  by  the  ratio 
of  phases  in  alloy,  size  of  the  structure  grain,  es¬ 
pecially  by  the  structure  of  a  carbide  phase,  internal 
structural  stresses,  degree  of  dispersity  of  structure, 
its  banding.  Therefore,  the  measures  directed  to 
the  increase  in  steel  resistance  to  a  hydrogen  em¬ 
brittlement  should  be  assigned  taking  into  account 
a  definite  structure  of  steel  and  required  service 
characteristics  of  the  pipe.  On  the  basis  of  the  re¬ 
quirements  specified  to  the  alloying  and  structure 
of  metals,  a  number  of  grades  of  domestic  steels, 
resistant  to  the  hydrosulphuric  corrosion  cracking 
(20YuCh,  09Khl2NABCh,  14G2AF,  10G2F, 

09KhG2NABCh,  10S2F,  09G2FB),  has  been  de¬ 
veloped  and  implemented. 

The  similar  approach  is  necessary  for  the  solu¬ 
tion  of  the  SCF  problem  in  selection  and  improve¬ 
ment  of  materials  for  the  advanced  MGP.  The  ap¬ 
plication  of  the  new  structural  materials  with  a 
high  specific  strength  requires  a  serious  approach. 

Peculiarities  in  MCS  determination.  When 
calculating  MCS  the  acting  loads  in  the  structure 
elements  are  compared  with  design  loads  (allow¬ 
able)  taking  into  account  the  safety  factor  and  ef¬ 
fect  of  environment.  Coming  from  the  design  loads 
and  service  conditions  the  executive  elements  of 
the  structure  arc  determined. 

When  calculating  MCS  it  is  necessary  to  take 
into  account  the  type  of  failure  and  justification 
of  a  design  criterion  on  limiting  state;  justification 
of  design  scheme  for  determination  of  loads  de¬ 
pending  on  the  stress-strain  state  of  the  structure 
elements;  justification  of  allowable  values  of  design 
criteria  taking  into  account  the  technical  effect  in 
manufacture  of  structures  and  service  conditions. 

With  a  specific  action  of  the  aggressive  envi¬ 
ronments  the  area  of  design  sections  of  the  structure 
elements  is  decreased,  for  example,  at  a  continuous 
corrosion;  strength  and  deformation al  charac¬ 
teristics  of  metal  due  to  sorption  processes  are  de¬ 
teriorated,  for  example,  in  hydrogenation,  inter¬ 


crystalline  corrosion,  effect  of  a  corrosion  medium 
and  ionizing  radiation. 

Depending  on  the  system  M~N~E  a  loss  in  a 
load-carrying  ability  of  the  structure  is  feasible  due 
to  decrease  in  area  of  the  structure  element  section 
at  a  continuous  stress  corrosion;  local,  intercrys¬ 
talline,  knife,  pitting  corrosion;  crack  formation 
with  appearance  of  cracks  of  avalanche  types  with¬ 
out  decrease  or  a  minimum  decrease  in  area  of  the 
working  sections  of  the  structure  elements  at  a  long¬ 
time  static  and  cyclic  loading. 

In  evaluation  of  MCS  the  following  criteria  are 
used: 

force  —  allowable  stresses  (by  yield  strength, 
critical  —  threshold); 

coefficients  of  stress  intensity,  amplitude  of 
force  characteristics  (at  cyclic  loading); 

deformational  —  plastic  deformations,  inten¬ 
sity  of  deformation,  opening  and  length  of  crack; 

time  —  fatigue  life,  number  of  cycles  before 
fracture,  rate  of  fracture  propagation. 

When  calculating  the  elements  of  the  welded 
structures  operating  in  aggressive  media  it  is  ne¬ 
cessary  to  take  into  account  the  effect  of  physical - 
chemical  action  of  welding  on  the  metal,  quality 
of  welded  joint  and  its  structure,  influence  of  ag¬ 
gressive  media,  dominating  type  of  failures  (con¬ 
tinuous  and  intercrystalline  corrosion,  corrosion 
cracking). 

Calculation  can  be  made  by  a  load-carrying  abil¬ 
ity  from  the  conditions  of  strength  and  a  local  da¬ 
mage,  and  also  combination  of  these  limiting  states. 

For  cases  of  a  continuous  corrosion  the  method 
of  calculation  by  allowable  tensile  stress  taking 
into  account  the  change  in  metal  properties  under 
the  action  of  the  welding  process  and  medium  can 
be  used.  The  calculated  level  of  stresses  in  welded 
joints  is  as  follows: 

—  [Oj  ]  =  Oau[&wm]a 

where  aaii,  [oj'  ]c  are  the  allowable  stresses  of  par¬ 
ent  metal  in  initial  state  and  metal  of  welded  joint 
at  corrosion,  respectively;  [&wm]a  is  the  coefficient 
of  reducing  the  strength  of  welded  joint  as  com¬ 
pared  with  parent  metal  in  initial  state;  [&wla  is 
the  coefficient  which  characterizes  the  decrease  in 
strength  of  welded  joint  after  the  action  of  the 

corrosion  medium;  fcgff  is  the  effective  coefficient 
of  concentration  in  corrosion.  When  calculating 
the  executive  elements  an  allowance  for  a  general 
corrosion  is  envisaged.  To  determine  the  equivalent 
stress  an  energy  theory  can  be  used. 

In  case  of  hazard  of  a  corrosion  cracking  the 
structures  should  be  designed  by  the  value  of  an 
allowable  stress  [a]'  ]c  for  the  given  medium  or  by 
the  value  of  critical  stresses  aCT  which  cause  the 
initiation  and  propagation  of  the  crack,  or  by  a 
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limiting  allowable  depth  of  a  corrosion  crack  or 
defect  of  the  crack  type.  The  design  stresses  are 
determined  coming  from  the  most  strict  condition. 

The  calculation  by  an  allowable  stress  [g/'  ]c 
determined  for  the  given  medium  in  accordance 
with  given  models  is  necessary,  but  it  is  not  a  suf¬ 
ficient  condition  of  the  structure  strength  if  Gcr  < 

<[ac;]c. 

In  turn,  it  is  necessary  to  take  into  attention 
two  limiting  stressed  states  depending  on  the  ki¬ 
netics  of  a  corrosion  cracking. 

1.  Limiting  stressed  state  which  causes  initia¬ 
tion  and  beginning  of  a  subcritical  growth  of  the 
crack.  It  is  characterized  by  the  value  of  threshold 
stresses  athn  g/' ,  corresponding  to  a  limiting  coef¬ 
ficient  of  stress  intensity  K\Scc  in  material  with 
initial  defects. 

2.  Limiting  stressed  state  which  corresponds  to 
transition  of  a  subcritical  growth  of  the  crack  into 
an  avalanche  mechanical  fracture  characterized  by 
an  appropriate  critical  stress  Gcr  and  intensity  co¬ 
efficient  K ic  associated  with  it.  The  conditions  of 
strength 

in  the  first  case 

Gd  —  Gthr(Gcr),  K\c  <  K\SCCl 

in  the  second  case 

Gd  -  Gcr,  K\  <  K\c. 

When  selecting  the  allowable  limiting  stressed 
state  (from  the  conditions  of  prevention  of  crack 
or  fracture  formation  )  it  is  necessary  to  come  from 
the  requirements  specified  to  the  structure,  preset 
service  and  kinetics  of  propagation  of  the  corrosion 
crack  for  the  given  metal-medium  pair. 

In  case  «  tpr,  i.e.  small  period  of  a  subcritical 
growth  of  the  crack,  the  calculation  should  be  made 
using  the  first  condition  (crack  prevention).  Incase 
of  a  long  phase  of  a  subcritical  growth  of  the  crack 
the  calculation  should  be  made  using  both  the  first 
condition  (athr>  Go*,  ^iscc)  an(*  the  second  condi¬ 
tion  (acr,  K\c)  taking  into  account  the  preset  ser¬ 
vice  life  of  the  structure. 

In  case  of  a  hazard  of  corrosion  cracking  the 
RWS  should  be  taken  into  account  in  calculations, 
as  here,  the  principle  of  superposition  is  valid. 
Therefore,  it  is  necessary  to  keep  the  condition 
Gext  +  Gres  —  Gthr>  L  e-  Gres  <  Gthr  —  Gext» 

Hence,  it  follows  that  to  increase  the  service¬ 
ability  of  the  structure  it  is  necessary  to  take  meas¬ 
ures  to  decrease  the  residual  stresses. 

As  is  known,  the  calculations  made  using  the 
methods  of  fracture  mechanics  are  based  on  two 
basic  fundamental  relationships: 

for  static  loading 

K  =  a  V  (M/)", 

for  dynamic  loading 
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A K  =  Ac?  V  (Ml) , 

where  K  is  the  coefficient  of  stress  intensity,  which 
integrally  allows  for  a  stress-strain  state  in  the  vi¬ 
cinity  of  a  stress  raiser  (defect);  g  is  the  acting 
stress  in  the  structure;  /  is  the  size  (length,  depth) 
of  crack  (defect);  M  is  the  geometric  factor  which 
takes  into  account  the  type  of  the  structure,  tra¬ 
jectory  of  the  defect,  etc.;  A K,  Ag  is  the  range  of 
K  and  g  at  cyclic  loading. 

The  fatigue  life  is  evaluated  using  a  kinetic  re¬ 
lation 

K  =  f(l), 

K  =  f(dl/dx ), 

K(  A)  =  f(dl/dN ), 

where  dl/dx,  dl/dN  are  the  rates  of  defect  propa¬ 
gation  per  unit  of  time  and  per  cycle. 

When  evaluating  the  serviceability  of  the  struc¬ 
ture  it  is  necessary  to  determine  the  critical  values 
Kc,  /cr,  Gf,  vcr  =  dl/dN ,  Nc r  with  allowance  for  a 
reserve  for  stresses,  length  of  crack,  number  of  cy¬ 
cles  nu  n^. 

It  is  assumed  that  nG  =  Gf/ G  —  1.75  -  2.50;  ni  = 
=  /cr//d  =  3-6  (where  the  primary  value  corre¬ 
sponds  to  the  end  of  structure  service  with  a  crack, 
the  second  value  —  the  beginning  of  service);  = 
=  Ncr/Ni  ~  10  (tin  is  high  due  to  a  high  scattering 
of  values  of  fatigue  life). 

For  the  pipeline  elements  the  following  types 
of  calculation  on  the  basis  of  fracture  mechanics 
can  be  taken: 

calculation  for  static  strength  using  a  critical 
coefficient  of  stress  intensity  K\c  and  critical  de¬ 
formation  criteria; 

calculation  for  fatigue  life  by  the  rate  of  the 
crack  growth  at  cyclic  loadings  ( 1  ■  1 02  <  A7  < 
<  MO6)  in  accordance  with  a  Paris  relation 
dl/dN  =  cAKm  or  its  modification. 

At  the  present  time  the  methods  of  a  model, 
functional  and  test  diagnostics  have  been  developed 
which  make  it  possible  to  assess  the  corrosion 
strength  and  corrosion  mechanical  strength  of  ma¬ 
terials  and  structures  taking  into  account  their 
stress-strain  state  and  service  conditions.  Stand¬ 
ardized  materials  of  assessment  of  resistance  of  me¬ 
tals  and  their  welded  joints  to  the  corrosion  fracture 
arc  developed  (GOST  26294-84). 

One  of  the  main  problem  is  the  updating  of  test 
methods  and  standardized  documents  on  the  basis 
of  advances  in  the  field  of  MCS. 
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ABSTRACT 

Features  of  design,  technological  solutions,  welding  defects  and  their  influence  on  generation  of  the  stressed- 
strained  states  in  load-carrying  structures  of  water-water  power  reactors  are  considered.  Given  are  the  results  of 
experimental  and  design  analysis  of  the  fields  of  stresses  which  induce  various  limit  states  during  the  regular  and 
emergency  operation  of  NPP.  Interaction  of  the  academic,  research,  design,  technological  organisations  and  branch 
research  institutes  in  solving  the  problems  of  strength  and  life  of  welded  joints,  is  shown. 


Key  words :  strength,  reactor,  life,  welded  joints. 

For  more  than  40  years  IMASh  of  the  Russian  Aca¬ 
demy  of  Sciences  together  with  the  leading  research 
and  design  organisations  of  former  Soviet  Union, 
Russia,  Ukraine,  Czechia,  Slovakia,  Bulgaria, 
Hungary,  Finland,  has  conducted  fundamental  re¬ 
search  on  the  problems  of  strength  and  life  of 
welded  joints  applied  in  nuclear  power  reactors  of 
WWER  and  BN  type  [1  -  10].  Important  investi¬ 
gations  have  also  been  carried  out  for  the  nuclear 
steam  plants  for  transport  applications  and  heating 
nuclear  power  plants  (HNPP)  in  Nizhny  Novgorod, 
Voronezh. 

The  characteristic  operational  conditions, 
modes  and  theoretical  coefficients  of  stress  concen¬ 
tration  aa  are  given  in  Tables  1-3  [2]. 

At  the  strength  margins  for  oy  in  the  range  of 
1.6  to  2.0,  local  stresses  in  the  concentration  zones 
can  reach  the  values  close  to  ay  or  exceed  them  by 
1.5  to  2.0  times  [2]. 

The  load-carrying  elements  of  WWER  type  re¬ 
actors  are  made  of  low-alloyed  Cr-Ni-Mo-V  steels 
with  a  higher  heat  and  radiation  resistance  with 
the  yield  point  from  440  up  to  540  MPa,  ultimate 
strength  from  550  up  to  650  MPa. 

The  following  types  of  welded  joints  are  widely 
used  in  fabrication  of  reactor  units: 

with  butt  welds  on  the  cases,  covers,  bottoms, 
and  branch  pipes; 


with  fillet  and  slot  welds  on  the  straight  and 
inclined  branch  pipes  and  on  the  sleeves. 

The  majority  of  the  reactor  units  have  anti-cor¬ 
rosion  cladding  of  austenitic  steel.  Typical  welded 
joints  and  cladding  [4]  are  shown  in  Figure  1.  It 
indicates  the  points  of  experimental  measurement 
of  local  stresses.  Figure  2  shows  the  zone  of  an 
inclined  branch-pipe,  the  model  of  his  zone  and  the 
schematic  of  strain  gauges  location  for  stress  measu¬ 
rement  [4]. 

Selection  of  structural  materials,  welding  and 
cladding  technologies  for  the  load-carrying  ele¬ 
ments  of  WWER  primary  circuit  is  based  on  a 
number  of  technical  requirements  to  strength, 
adaptability  to  fabrication  and  resistance  to  service 
factors  impact.  They  are  as  follows: 

preservation  of  the  specified  level  of  mechanical 
properties  (characteristics  of  strength  and  ducti¬ 
lity)  in  a  broad  range  of  service  temperatures  (from 
20  up  to  350  °C  for  WWER  and  HNPP  and  up  to 
650  °C  for  BN); 

production  of  stable  mechanical  properties 
when  the  element  wall  thickness  is  varied  from 
1 0  -  20  up  to  200  -  500  mm  for  the  accepted  modes 
of  rolling,  forging  and  heat-treatment; 

weldability  of  steels  of  the  specified  class  in  a 
broad  range  of  thicknesses  and  possibility  of  pro¬ 
duction  of  dissimilar  steel  welded  joints  (for  in¬ 
stance,  of  pearlitic  and  austenitic  classes); 


Table  i 


Power, 

MW 

Pressure, 

MPa 

Temperature,  °C 

Case  dimensions,  mm 

Pin 

diameter, 

mm 

Cover 

thickness, 

mm 

inlet 

outlet 

wall 

thickness 

diameter 

height 

210 

10.0 

250 

275 

100  -  180 

4000 

12200 

130 

500  (flat) 

365 

10.5 

250 

280 

120  -  180 

4000 

14100 

130 

500  (flat) 

440 

12.5 

270 

300 

140  -  190 

3900 

14300 

140 

210 

1000 

16.0 

290 

325 

200  -  285 

4535 

13500 

170 

236 
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Table  2 


Modes 


Number 
of  repeats 


Hydraulic  strength  testing  20  -  30 

Start-up  and  shut-down  with  heating  and  130  -  375 
cooling 

Power  change  from  50  up  to  100  %  (step-  150  -  200 
like) 

Power  change  by  25  %  up  to  10000 

Power  adjustment  by  10  %  relative  to  up  to  2000 

rated  value 


Operation  of  emergency  protection  150  -  600 

Switching  off  of  the  main  circulation  600  -  800 

pumps 

Planned  shut-down  without  cooling  and  500 

subsequent  start-up 


Operation  of  the  system  of  automatic  cool¬ 
ing  and  protection 


up  to  1  -  5 


resistance  to  radioactive  irradiation  (predomi¬ 
nantly  neutron  and  y-irradiation),  leading  to  a  con¬ 
siderable  change  of  the  physico-mechanical  prop¬ 
erties; 

resistance  to  corrosion  and  erosion  damage  in 
the  heat-transfer  agent  flows  and  in  the  zones  of 
stagnation; 

resistance  to  repeated  elastic,  elasto-plastic  de¬ 
formation  and  change  of  shape  in  the  zones  of  in¬ 
creased  local  stresses  induced  by  thermal  and  me¬ 
chanical  loads; 

strength  and  fatigue  life  (in  the  time  and  cyclic 
variants)  under  the  impact  of  low-frequency  (due 
to  the  change  of  operational  modes)  and  high-fre¬ 
quency  (due  to  the  mechanical  and  hydrodynamic 
vibrations)  non-stationary  stress  amplitudes; 

resistance  to  brittle  fracture  allowing  for  the 
initial  technological  and  developing  service  defects 
of  the  type  of  cracks; 

cracking  resistance  under  the  impact  of  the 
above  cyclic  (low-  and  high-frequency)  stresses; 

control  of  the  metal  condition  in  service  (by 
mechanical  testing  of  the  reference-samples,  non¬ 
destructive  testing  of  potentially  the  most  damaged 
surface  and  subsurface  layers  of  the  base  and  the 
clad  metal); 

resistance  to  contact  impacts  (in  the  zones  of 
the  main  joint  of  the  reactor  casing,  supporting 
sides,  threaded  joints); 

resistance  to  creep  and  one-sided  accumulation 
of  cyclic  deformations  for  provision  of  the  specified 


Table  3 

Reactor  case  elements  ac 

Brach-pipe  zone  1.5  -  2.9 

Zone  of  transition  to  the  flange  1.2  -  1.4 

Zone  of  bottom  connection  1.6  -  1.7 

Straight  and  inclined  holes  in  the  cover  1.8  -  3.4 


Figure  1.  Welds  in  the  active  zone  and  measurement  points 
(indicated  by  numbers)  on  WWER-210  case 


relative  position  of  the  mating  elements  (main  cas¬ 
ing  joint,  protection  control  system  components). 

Many  of  the  above  requirements  to  the  struc¬ 
tural  materials  and  the  technologies  of  welding, 
cladding  and  heat-treatment  were  the  basis  for 
elaboration  of  the  special  technical  conditions  for 
delivery  of  materials,  development  of  the  techno¬ 
logy  of  fabrication  and  control  of  the  reactor  load¬ 
carrying  elements  and  components.  A  broad  range 
of  characteristics  of  material  physico-mechanical 
properties  is  used  in  calculation  of  stresses,  strength 
and  life  of  nuclear  reactors,  including  resistance  to 
radiation  damage  (so-called  radiation  resistance  co¬ 
efficients,  A{).  The  above  characteristics  arc  deter¬ 
mined  by  standardised  or  unified  procedures. 
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The  main  problem  in  nuclear  reactor  design, 
still  remains  to  be  the  strength  of  the  load-carrying 
elements  in  terms  of  limit  and  admissible  stresses. 
Solving  the  problems  of  the  theory  of  elasticity, 
theory  of  vibrations,  theory  of  plasticity  and  shell 
theory  was  reduced  to  determination  of  the  static 
and  dynamic  nominal  and  local  stresses  ae  induced 
by  service  loads  Pe  and  cross-sectional  dimensions 
S.  Such  characteristics  of  mechanical  properties  M 
as  the  modulus  of  elasticity  E,  yield  point  ay,  ul¬ 
timate  strength  at  and  long-term  strength  aT  were 
used  as  criterial  parameters  of  deformability  and 
strength  of  structural  materials  in  design  of  the 
first  reactors: 


ae  ~  f  (Pe,  5,  E,  a,  p)  < 


K 

[V 


V 


(1) 


where  ny ,  nt,  nx  are  the  appropriate  margins,  which 
are  equal  to  1 .5  to  3.0. 

For  welded  joints  S,  ay,  at,  aT  values  corre¬ 
sponding  to  various  zones  of  welded  joints,  are 
introduced  into  calculations.  The  task  of  the  de¬ 
signers  and  the  technologists  was  provision  of 
equivalent  strength  of  the  welded  joint  and  the 
base  metal. 

For  power  reactors  of  the  first  generation  in¬ 
vestigations  of  their  fatigue  and  fatigue  life  were 
conducted  in  1950s.  Stresses  ae  and  number  of  load¬ 
ing  cycles  Ne  were  considered  to  be  the  main  pa¬ 
rameters  of  operational  loading  of  machines.  Cyclic 
strength  conditions  were  defined  in  addition  to 
equation  (1) 


al  =  f(P\Ne)< 


(K<3  (fa  £o)  +  O 


(2) 


where  <5%,  <5%  are  the  amplitude  and  mean  cycle 
stress  (a  =  a/a- 1),  respectively;  a-i  is  the  endur¬ 
ance  limit  of  the  structural  material;  Kc,  ea,  \|/0 
are  the  characteristics  of  material  sensitivity  to 


stress  concentration,  absolute  dimensions  and 
asymmetry  of  the  cycle. 

The  strength  and  fatigue  life  of  load-carrying 
welded  components  were  calculated  from  equations 
(1),  (2). 

In  the  first  stage  of  calculation  and  investigation 
of  welded  joint  strength,  the  endurance  limit  was 
assumed  for  the  respective  welded  joint  a- ic,  con¬ 
centration  factor  Koc  allowed  for  the  features  of 
the  welded  joint  geometry,  and  eac  value  for  the 
cross-section  dimensions.  Residual  stresses  in  the 
welded  joint  were  not  directly  introduced  into  a* 
and  a?„  values. 

With  such  a  definition  of  the  problem,  experi¬ 
mental  investigation  of  the  local  maximal  service 
stresses  aemax  from  which  <jea  and  ch  values  are  de¬ 
termined,  was  extremely  important.  IMASh,  EDB 
GP  and  NIKIET  developed  the  methods  of  stress 
simulation,  namely  photoelasticity,  method  of  op¬ 
tically  active  stickers  and  strain  measurement  mo¬ 
dels  of  low-modulus  materials  [1,  2,  4,  10b  These 
investigations  permitted  equation  (1)  to  be  used 
for  strength  analysis  in  terms  of  local  stresses.  Here 
ny  value  could  be  lowered  to  1,  i.e.  a  requirement 
on  limitation  of  the  possibility  of  plastic  deforma¬ 
tion  development  could  be  introduced. 

In  view  of  extremely  large  dimensions  of  the 
load-carrying  element  cross-section  (diameters  of 
up  to  5000  -  6000  mm  and  wall  thickness  up  to 
300  -  500  mm),  great  importance  was  attached 
to  provision  of  resistance  to  brittle  fracture  as 
the  most  hazardous  and  catastrophic,  already 
when  designing  the  reactors  of  the  first  genera¬ 
tions  [1  ”4].  In  addition  to  equations  (1)  and 
(2)  two  more  criteria  were  introduced  into  the 
analytical  substantiation  of  strength  in  1950  - 
1960s: 
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Figure  3.  Large-sized  samples  of  the  base  metal  and  welded  joint  metal  for  determination  of  brittle  fracture  resistance:  a  —  in 
static  tension;  b  —  in  tension  with  crack  initiation  under  impact 


<W:  =  f  (P\  S)< 


rSun=/(5I  Mw,  pe)  <  Tcr+[ATc 


where  acr  is  the  resistance  to  brittle  fracture  in  the 


base  metal  or  in  the  welded  joint;  r^inis  the  mini¬ 
mal  service  temperature  at  the  specified  loading 
mode;  Tcr  is  the  critical  brittleness  temperature; 
[A7]  is  the  margin  on  critical  temperatures;  Mw 
are  the  basic  characteristics  of  mechanical  proper¬ 
ties  of  the  base  metal  or  the  welded  joint  metal. 

In  order  to  derive  experimental  data  on  acr  and 
Tcr  values  for  the  base  metal  and  the  metal  of  the 
reactor  welded  joints,  IMASh  of  the  Russian  Aca¬ 
demy  of  Sciences,  together  with  Krylov  TsNII  and 
Shkoda  Enterprise  conducted  unique  experiments 
beginning  from  1960s  [1  -  4],  in  machines  with  the 
limit  forces  of  MO5  -  8  1 07  N  (UME-10,  ZDM- 
400,  MUG-500,  MUG-3000,  ZZ-8000)  in  the  two 
main  modes: 

static  loading  in  the  temperature  range  from 
~196  up  to  +100  °C  and  with  cross-sectional  di¬ 
mensions  from  4  up  to  3- 1 07  mm2  (i.e.  with  about 
ten  million  times  change); 

static  loading  and  dynamic  crack  initiation  in 
the  temperature  range  from  -10  up  to  +100  °C. 

Standard  and  non-standard  cylindrical  (2  to 
100  mm  diameter)  and  flat  (153  to  25  x  100  mm 
section)  samples  of  the  base  metal,  metal  of  the 
welded  joints  and  transition  zones  were  subjected 
to  tensile  testing. 

Testing  for  determination  of  the  limit  charac¬ 
teristics  Gcr  and  Tcr  was  conducted  on  samples  with 
sharp  notches  of  the  base  metal  and  the  welded 
joint  metal  fl,  10].  Dimensions  of  the  laboratory 
sample  sections  were  varied  from  1.5  x  14  up  to 
25  x  100  mm.  Individual  samples  had  the  sections 
from  150  x  380  up  to  250  x  1200  mm.  In  these  sam¬ 
ples  the  cracks  were  initiated  both  in  the  base  metal 
and  in  the  welded  joint  metal  (Figure  3). 
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Power  and  exponential  dependencies  of  the  me¬ 
chanical  properties  and  critical  stresses  on  tempera¬ 
tures  7\  cross-sectional  dimensions  S  and  crack  sizes 
/  were  derived  from  the  experimental  results 

{acr,cy,ct\  =  f{s,T,l,Mw}.  (3) 


It  was  shown  that  the  residual  stresses  in  welded 
joints  are  manifested  only  in  the  brittle  states,  when 

^min  <<  ^cr- 

The  methods  of  the  standard  [8]  and  more  pre¬ 
cise  [3]  evaluation  of  reactor  structures  resistance 
to  brittle  fracture  were  defined  proceeding  from 
the  results  of  these  tests. 

In  1970  -  1980s  the  factors  of  intensity  of 


stresses  K\  (or  strains  K^)  were  introduced  into  the 
equations  for  evaluation  of  brittle  fracture  resis¬ 
tance,  based  on  the  data  of  theoretical  and  experi¬ 
mental  fracture  mechanics  investigations  [2-4,  7, 
10] 


,  1,m] 


Kic 

nK 


(4) 


where  K\c  is  the  critical  value  of  stress  intensity 
factor  (fracture  toughness)  for  the  base  metal  and 
the  metal  of  the  welded  joint;  nK  is  the  fracture 
toughness  margin  (ny  <nK<  nt). 

In  1970  -  1980s  testing  of  bimetal  samples 
(samples  with  cladding)  with  different  location  of 
the  initial  defects  (cracks)  (Figure  4)  was  con¬ 
ducted  for  the  clad  cases  of  WWER  and  HNPP 
reactors.  Samples  of  20  to  150  mm  thickness  were 
tested  by  bending  or  off-center  tension. 

Processing  of  the  results  of  testing  in  terms  of 
breaking  loads  Kl  and  secant  method  (conditional 
values  of  Kq )  demonstrated  [3]  that  a  considerable 
lowering  (compared  to  the  base  metal)  of  cracking 
resistance  values  K l  and  Kq  by  2.7  to  2.3  times 
respectively,  is  found  (Figure  5)  at  low  tempera¬ 
tures  in  the  clad  samples  with  the  surface  semi-el¬ 
liptical  defect,  shown  in  Figure  4,  d.  This  is  at- 


135 


tributable  to  the  tip  of  the  initial  defect  hitting  the 
base  metal  section  in  the  HAZ  characterised  by- 
lower  ductile  properties,  coarse-grained  structure, 
higher  residual  tensile  stresses  Go-  Similar  results 
were  derived  on  samples  (Figure  4,  c)  with  a  crack 
under  the  cladding  in  the  same  zone  in  non-isother- 
mal  testing  when  the  metal  from  the  cladding  side 
was  abruptly  cooled  by  liquid  nitrogen.  Such  a 
mode  simulated  emergency  cooling  of  the  reactor 
and  created  additional  temperature  stresses 

In  order  to  reveal  the  combination  of  the  local 
stresses  induced  by  external  load,  residual  stresses 
induced  by  welding  and  thermal  stresses  oy  in  the 
weld  zones,  IMASh  applied  the  method  of  photoe¬ 
lastic  stickers  and  stage-by-stage  cutting  of  the 
cladding  or  the  weld  by  electric  erosion  method. 
With  such  cutting  the  residual  stresses  are  redis¬ 
tributed,  this  leading  to  a  change  in  the  stress  in¬ 
tensity  factors  K\q  of  the  actual  residual  stresses 
Go.  Dependence  of  K\ o  on  /  is  plotted  by  epures  of 
the  fields  of  local  stresses  and  fracture  mechanics 
equations,  and  go  epure  is  determined  by  solving 
the  inverse  problem 

{K10,a0}  =  f{s,  l,Mw}.  (5) 

Functional  (5)  is  also  derived  by  the  X-ray 
method  or  method  of  holographic  interferometry 
with  drilling  of  small  holes. 

Values  of  K\  depending  on  external  loads  Pe 
and  temperatures  are  determined  by  calculation 
(analytically  or  by  FEM)  or  experimentally  on 
models  or  full-scale  elements  by  the  methods  of 
photo-elastic  stickers  and  holographic  interefo- 
metry 

Ki  =  \KlP,  Km,  K,l  (6) 

For  the  region  of  brittle  states,  functional  (6) 
can  be  replaced  by  a  sum  of  the  appropriate  values; 
non-linear  fracture  mechanics  criteria  should  be  ap- 


e 

Figure  4.  Samples  with  cladding  (bimetal  samples)  for  different 
kinds  of  testing 

plied  in  the  elasto-plastic  region  [3,  5,  10].  In  this 
case  conditional  stress  intensity  factors  are  used 

^={4=/{ki,  m\. 

The  results  of  fundamental  research  of  radiation 
damage  from  neutron  flows  F ,  conducted  during 
1960-1980s  in  IAE,  TsNII  KM  «Prometey»,  PO 
Shkoda  were  of  principal  importance  for  the  reactor 
structures  in  the  region  of  the  active  zone  (primarily 
for  the  reactor  cases  and  their  welded  joints)  [1  - 
3,  8  -  10].  This  permitted  the  power  and  exponen¬ 
tial  equations  to  be  written  in  the  standard  [8]  and 
precised  [2,  3]  variants 

{°y>  Ot,  KCV,  Klc,  rcr}  =  f  (f,  Te,  xe,  (7) 

where  Ac  are  the  coefficients  of  sensitivity  to  da¬ 
mage  from  integral  flows  (fluences)  F. 

In  this  case  rise  of  critical  temperatures  Tcr  with 
the  increase  of  F  by  the  power  function  (with  0.33 
to  0.50  power  index)  is  regarded  to  be  most  im- 


K*,  Kq,  MPa  -m1/2 


Figure  5.  Temperature  dependence  of  fracture  toughness  of 
15Kh2MFA  steel  without  cladding  and  with  cladding  with  dif¬ 
ferent  types  of  defects:  /  -  5  —  K*c,  6  -  8  —  KQ ;  2,  3,  7,  8  — 
surface  semi-elliptical;  4  —  subsurface  through-thickness;  5  — 
through-thickness  under  the  cladding;  1,6—  edge 

portant.  For  the  metal  of  the  welds  Ac  value  can 
turn  out  to  be  1.5  to  2.0  times  higher  than  for  the 
base  metal,  in  the  case  of  determination  [2,  3,  8] 
of  lowering  of  the  life  after  irradiation  by  equations 
(3)  and  (4),  (7). 

In  view  of  the  cyclic  nature  of  thermomechani¬ 
cal  loading  of  the  load-carrying  elements  of  nuclear 
reactors  due  to  the  features  of  the  loading  modes 
and  structural  shape  (Tables  1  -  3),  IMASh  in 
1960  ”  1980s  conducted  systematic  studies  of  low- 
cycle  fatigue  [2,  3,  5,  6]. 

Creation  of  non-elastic  cyclic  deformation  re¬ 
gions  in  the  zones  of  stress  concentration,  necessi¬ 
tated  the  transition  from  calculations  in  terms  of 
local  stresses  to  calculations  in  terms  of  local  strains 

{a ■e,ee,Nej  =  f(Pe,  N*,  Te,  m)< 


b 


Figure  6.  Geometry  of  samples  with  cladding  (a)  and  base  metal 
samples  ( b )  for  bend  testing 

{Mci\  =  f  Xci,  N )}. 

In  order  to  address  the  new  tasks  of  BN  reactor 
design,  IMASh,  TsNII  KM  «Prometey»,  TsNII- 
TMASh,  NIKIET  performed  investigations  on  de¬ 
termination  of  creep,  high-temperature  (up  to 
500  -  650  °C)  short-term,  long-term  and  cyclic 
strength,  also  in  programmed  loading  modes.  In 
strength  and  life  analysis,  equations  (8)  were  com¬ 
plemented  by  equations  of  long-term  (by  duration 
of  operation  xe)  strength  afs: 

|ae,  ee,  xe,  A?6}  =  f  {Pe,  xe,  A f,  Te)  < 


where  nT  is  the  time  limit  x;  mx  is  the  characteristic 


< 


f  (Py>  Vc> 


(8) 


where  gc,  ec,  Nc  are  the  stresses,  strains  and  cycle 


number,  respectively;  |^GC  =  S,  ec  =  In  ^  ^  j;  m 

is  the  characteristic  of  strengthening  in  the  elasto- 


plastic  field;  \j/c  is  the  reduction  in  area  at  one-time 
fracture;  mp,  me  arc  the  characteristics  of  the  curve 
of  low-cycle  fatigue. 

Methods  of  photo-elastic  stickers,  moire,  small- 
base  grids  and  small-base  strain  measurement  were 
developed  in  order  to  determine  ce,  ee,  gc,  ec  in 
the  welded  joints. 

For  the  welded  joints  the  characteristics  of  me¬ 
chanical  properties  Mw  incorporated  into  equation 
(8)  can  be  determined  [5,  6]  through  distributions 
of  the  local  properties  of  various  zones  of  the  welded 
joint,  allowing  for  the  coefficients  of  contact 
strengthening  %ci 


of  long-term  strength  curve. 

Measurement  of  local  stresses  and  strains  was 
performed  by  the  high-temperature  strain  measure¬ 
ment  and  moire  methods  on  samples,  models  and 
full-scale  structures  [5,  9,  10]. 

Fundamentally  important  for  the  piping,  inner 
components  and  pumps  of  nuclear  reactors  were 
the  investigations  performed  in  IMASh,  PWI  and 
IPP  of  the  diagrams  of  cyclic  deformation  and  fa- 
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Figure  7.  Diagrams  of  deformation  in  bending  of  a  clad  sample: 
-  —  loading; - load 
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a  b 

Figure  8.  Schematic  of  initial  (a)  and  subsequent  ( b )  crack 
propagation  in  the  cladding:  1  —  base  metal;  2  —  cladding 


tiguc  life  in  bicyclic  loading  modes  when  the  life 
by  the  base  number  of  cycles  Ne  decreased  with 
the  increase  of  the  ratio  of  the  frequencies  and 
amplitudes  of  the  high-frequency  part  of  the  spec¬ 
trum  [3,  4,  8]: 

KT  r\Gdt  ft  ,  I 

N'-f\°a’  r  c,tt 

The  influence  of  amplitudes  cat  and  frequencies 
ft  of  the  high-frequency  part  of  the  loading  spec¬ 
trum  is  described  by  the  power  functions  [2,  8]. 

For  integral  evaluation  of  the  cladding  effect 
at  low-cycle  loading  Krylov  TsNII  and  IMASh  per¬ 
formed  [2]  unique  experiments  with  loading  by 
bending,  on  base  metal  samples  of  50  x  100  mm 
cross-section  and  1500  mm  length  and  on  clad  sam¬ 
ples  of  100  x  500  mm  cross-section,  3500  mm  length 
(Figure  6). 

A  one-sided  accumulation  of  plastic  deforma¬ 
tions  was  found  at  cyclic  elasto-plastic  bending 
(Figure  7).  Cracks  initiated  in  the  cladding  at  3  ~ 
5  mm  distance  from  the  fusion  zone  at  the  fatigue 
life  of  approximately  0.5  of  that  of  the  base  metal 
(Figure  8).  Further  on,  these  cracks  ran  through 
the  cladding,  changing  their  direction  in  the  tran¬ 
sition  zone,  thus  leading  to  the  final  quasibrittle 
fracture  through  the  base  metal. 

For  the  most  complex  modes  of  thermomechani¬ 
cal  loading  (operation  of  emergency  protection, 
earthquakes)  for  the  case  of  welded  joints  and  clad¬ 
ding,  IMASh  together  with  EDB  GP  performed  in 
1970  -  1980s  analytical  studies  (by  the  FEM)  of 
local  stresses  and  strains  with  introduction  of  ap¬ 
propriate  characteristics  of  mechanical  properties 
Mw.  These  calculations  showed  the  important  role 
of  the  cladding  and  the  relatively  small  proportion 


(up  to  0.1)  of  additionally  accumulated  cyclic  da¬ 
mage  from  powerful  seismic  impacts  [3]. 

The  final  stage  of  substantiation  of  the  strength 
and  life  of  all  the  pilot  samples  of  the  reactors,  are 
the  model  and  full-scale  strain,  temperature  and 
vibration  measurement  studies  [2  -  5,  9,  10].  Such 
investigations  were  conducted  in  the  most  complete 
manner  in  the  5th  reactor  of  NPP  in  the  city  of 
Kozloduy,  Bulgaria,  when  about  1000  initial  sen¬ 
sors  were  used  in  total  on  all  the  elements  of  the 
primary  circuit. 

Only  such  a  combination  of  the  standard  cal¬ 
culation  procedures,  more  accurate  calculations  and 
experimental  investigations  on  samples,  models 
and  full-scale  tests  enables  a  well-grounded  evalu¬ 
ation  of  the  strength  and  life  of  welded  joints  and 
the  reactors  as  a  whole.  The  same  information  is 
also  used  as  the  initial  data  for  evaluation  of  NPP 
viability  and  safety  [2,  3,  5,  8  ~  10]. 
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ABSTRACT 

A  number  of  problems  associated  with  the  creation  of  high -reliability  engineering  structures  is  considered.  They 
include  the  peculiarities  of  application  of  structural  materials  of  the  new  generation  which  is  characterized  by  a 
high  strength,  corrosion  resistance,  high-temperature  and  heat  resistance.  The  ways  of  development  of  materials 
for  their  welding  are  defined.  It  is  shown  that  a  simultaneous  development  of  steels  and  welding  consumables  is 
a  very  important  link  in  the  process  of  improvement  of  reliability  of  welded  joints  from  the  point  of  view  of 
resistance  to  tough  and  brittle  fracture,  fatigue,  corrosion  and/ or  creep. 


Key  words:  steely  thermomechanical  treatment,  weld¬ 
ing  consumables,  weldability . 

Structural  reliability  of  a  welded  steel  structure  is 
influenced  by  some  of  the  base  metal  properties; 
they  are  the  resistance  to  strain  aging  embrittle¬ 
ment,  the  capability  of  plastic  deformation  absorp¬ 
tion,  the  resistance  to  general  corrosion,  and  the 
ability  of  arresting  a  running  brittle  crack.  How¬ 
ever,  the  overall  integrity  of  a  welded  steel  struc¬ 
ture  is  governed,  in  many  cases,  by  the  performance 
of  welded  joints  which  occupy  only  a  small  fraction 
of  a  whole  structure.  The  performances  of  the 
welded  joints  mean  their  soundness  and  their  re¬ 
sistance  to  joint  deficiency.  In  an  engineering  term, 
they  include  the  suitable  joint  strength  relative  to 
the  base  metal  strength,  toughness,  freedom  from 
weld  defects,  corrosion  resistance,  fatigue  resis¬ 
tance,  creep  resistance  and  others.  This  report  in¬ 
troduces  several  newly  developed  structural  steels 
and  welding  materials  with  desired  performances, 
i.e.  improved  reliability  of  their  welded  structures. 

Weldable  steels  and  welding  materials.  Wel¬ 
dability  of  steels  means  how  reliably  welded  joints 
perform  during  their  service.  Therefore,  the  weld¬ 
ability  includes  toughness,  fatigue  resistance,  cor¬ 
rosion  resistance,  creep  resistance  and  other  per¬ 
formances  of  welded  joints.  However,  it  means  in 
a  narrow  sense  to  obtain  welds  not  intolerably  har¬ 
dened  and  free  from  cracks.  «Weldable»  is  used  in 
this  section  as  the  narrow  meaning. 

The  maximum  hardness  of  a  HAZ  has  been  li¬ 
mited  to  not  higher  than  HV  350.  This  limitation 
presumably  stemmed  from  the  experience  that  toe 
cracking,  one  type  of  cold  cracking,  was  avoided 
in  HAZ  when  HAZ  hardness  was  lower  than 
HV  350.  In  HAZ  of  off-shore  structure  steels,  the 
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HAZ  hardness  limitation  was  HV  325  or  HV  300 
for  a  certain  safety  margin.  This  limitation  is  a 
rather  stringent  requirement  for  heavy  off-shore 
structure  steels  because  they  include  hardenable 
elements  to  a  considerable  extent. 

It  has  been  considered  that  HAZ  hardness  is 
directly  to  the  likelihood  of  sulfide  stress  corrosion 
cracking  (SSCC)  in  steel  HAZ  during  service  under 
wet  sour  gas  or  H2S  solutions.  The  hardness  of 
HAZ  was  limited  to  HV  248  in  pipelines  for  sour 
gas  service.  Recently,  a  further  severe  hardness 
limitation  was  demanded.  A  Thermo-Mechanical 
Control  Process  (TMCP)  strengthens  steel  ther- 
momechanically  and  can  reduce  hardenable  alloy 
elements.  Therefore,  it  is  essential  to  employ  TMCP 
to  produce  steels,  for  which  the  HAZ  hardness  limi¬ 
tation  is  required,  such  as  off-shore  structure  steels 
and  sour  gas  service  line-pipe  steels.  Meanwhile, 
the  seam  weld  metal  of  submerged  arc  welding 
(SAW)  pipes  is  heat-affected  by  circumferential 
welding  (girth  welding)  and  is  hardened.  HAZ  of 
the  seam  weld  metal  is  also  required  to  satisfy  the 
hardness  limitation.  Then,  the  SAW  welding  ma¬ 
terials  of  low  hardenability  was  developed  for  pipe 
seam  welding  [1]. 

HAZ  hardness  increases  as  a  weld  length  shor¬ 
tens.  A  tack  weld  is  always  short,  and  thus  HAZ 
hardness  of  a  tack  weld  tends  to  increase.  According 
to  the  Japan  Maritime  Association  rule,  a  short 
bead  shorter  than  50  mm,  but  not  shorter  than 
10  mm  is  allowed  for  the  TMCP  steels  while  a  bead 
shorter  than  50  mm  is  not  allowed  in  the  conven¬ 
tional  steels.  In  fact,  a  longer  tack  weld  is  trou¬ 
blesome  in  shipbuilding.  In  this  sense,  the  TMCP 
steel  is  very  beneficial.  A  lot  of  tack  welds  and  jig 
welds  are  made  in  welding  construction  of  ships, 
buildings  and  bridges.  Those  welds  are  generally 
short,  resulting  in  high  HAZ  harnesses  and  the  high 
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Figure  1.  Distribution  of  hardness  in  welded  joint  (arc  welding 
at  high  energy  input)  of  ship  hull  of  25  mm  thick  steel  produced 
using  TMCP;  /  is  the  distance  from  fusion  line 

likelihood  of  cold  cracking.  To  make  matters  worse, 
the  welding  control  and  inspection  are,  in  general, 
not  severe  for  tack  welds  and  jig  welds.  From  a 
fail-safe  viewpoint,  the  TMCP  steel  is  thus  bene¬ 
ficial. 

In  shipbuilding,  a  very  high  heat  input  is  gene¬ 
rally  used  in  welding  to  increase  the  production 
efficiency.  The  TMCP  steel,  which  contains  less 
alloy  elements  than  the  conventional  steels,  tends 
to  soften  in  HAZ  when  welding  with  a  high  heat 
input.  In  ordered  to  acquire  the  overall  joint 
strength,  weld  materials  with  higher  strength  are 
used  as  shown  in  Figure  1.  This  is  a  typical  case 
of  weld  overmatching. 

Cold  cracking  is  caused  by  hydrogen  which  is 
generated  from  the  dissolution  of  water  existing  in 
welding  materials  and  atmospheric  moisture  under 
welding  arc.  Preheating  is  conducted  to  avoid  cold 
cracking  because  preheating  facilitates  the  effusion 
of  hydrogen  from  a  weld  to  atmosphere  after  the 
completion  of  welding. 

Figure  2  shows  the  necessary  preheating  tem¬ 
perature  to  prevent  cold  cracking  (root  cracking) 
in  small  cracking  tests  [2].  It  is  seen  that  the  TMCP 
steel  needs  lower  preheat  temperatures  than  the 
conventional  steels  do.  Preheating  is,  in  fact,  un¬ 
necessary  in  shipbuilding  of  YS  360  MPa  high- 
strength  steels  because  steel  plates  for  ships  are  not 
thick.  However,  steel  plates  for  off-shore  structures 
is  much  thicker  than  ship  plates  and  preheating  of 
high  temperatures  was  required  when  the  conven¬ 
tional  normalized  steels  were  used.  The  TMCP  steel 
is  characterized  by  low  carbon  equivalent.  After 
the  development  of  TMCP  off-shore  structure 
steels,  it  became  possible  to  weld  very  thick  plates 
of  YS  360  MPa  without  preheating. 

High  strength  steels  of  the  TS  780  MPa  grade 
were  used  for  the  Akashi  Bridge,  the  world-longest 
span  suspension  bridge.  Preheating  of  100  °C  is 
necessary  for  the  conventional  qucnched-and-tem- 
pered  TS  780  MPa  steels  of  38  mm  thickness.  Re¬ 
cently,  the  Cu-precipitated  TS  780  MPa  steel  was 


Figure  2.  Critical  temperature  of  preheating  to  prevent  cold 
cracking  at  different  carbon  equivalent  (test  for  crack  formation 
at  rigid  fixture  of  a  joint  with  Y-shaped  groove,  sheet  thickness 
is  25  -  38  mm) 

developed.  This  steel  was  produced  by  direct 
quench  (DQ),  one  type  of  TMCP,  in  which  copper 
is  in  satisfactorily  solid-solution  and  the  temper 
treatment  after  DQ  facilitates  precipitation  of 
solid-solution  copper  so  that  the  steel  can  be 
strengthened.  Actually,  the  Cu-precipitated  TS  780 
MPa  TMCP  steels  were  used  to  the  upper  decks  of 
the  Akashi  Bridge  and  they  were  welded  in  pre¬ 
heating  of  50  °C  [3].  This  Cu-precipitated  steel 
originated  in  ASTM  A710  which  had  been  devel¬ 
oped  by  INCO  Co.  in  U.S.[4].  2000  tons  of  YS 
560  MPa  A710  pipes  were  used  for  the  Shell  Oil 
Auger  platform  in  the  Gulf  of  Mexico  mainly  be¬ 
cause  of  their  excellent  girth  weldability  [5]. 

Flux  cored  wires  are  increasingly  used  as  gas 
shielded  welding  materials,  mainly  because  of  their 
high  deposition  rate.  There  are  two  types  of  flux 
cored  wires:  a  plate  folded  type  and  a  seamless  wire 
type.  The  dehydrogen  treatment  at  high  tempera¬ 
tures  is  possible  when  producing  the  seamless  type 
of  flux  cored  wire,  and  thus  this  wire  is  charac¬ 
terized  by  the  very  low  hydrogen  potential.  For 
instance,  the  weld  metal  hydrogen  content  is  re¬ 
duced  to  as  low  as  1 .5  ml/ 100  g  in  a  basic  flux 
wire  of  a  seamless  type.  Furthermore,  this  type  of 
wire  is  little  moistened  during  storage  because  the 
seamless  tube  wire  has  no  opening.  Welding  con¬ 
struction  of  heavy  TS  490  MPa  grade  steels  without 
preheating  is  possible  when  using  the  seamless  type 
flux  cored  welding  materials  [6]. 

Tough  steels  and  welding  materials.  Japanese 
shipbuilders  have  employed  high  heat  input  weld¬ 
ing  to  raise  the  productivity  in  welding  fabrication. 
High  heat  input  welding  forms  coarse-grained 
HAZ,  resulting  in  the  degradation  of  HAZ  tough¬ 
ness.  A  specific  precipitate  TiN  was  found  to  effec¬ 
tively  prevent  grain  coarsening  through  its  pinning 
effect.  For  a  long  time,  the  TiN  steels  have  been 
used  as  shipbuilding  steels  for  high  heat  input  weld¬ 
ing.  HAZ  toughness  tends  to  degrade  with  increas¬ 
ing  carbon  equivalent  of  steels.  Therefore,  the  em¬ 
ployment  of  TMCP  along  with  the  use  of  TiN  is 
beneficial  in  improving  HAZ  toughness  because  it 
can  produce  low  carbon  equivalent  steels. 
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The  Ti  and  B  bearing  welding  material  had  been 
known  to  provide  very  fine  microstructures  and  thus 
high  toughness  with  weld  metal.  The  mechanism  of 
the  grain  refinement  was  clarified  in  1981.  It  is  that 
titanium  oxides  in  the  Ti-B  weld  metal  act  as  nuclei 
of  intragranular  accicular  ferrite  of  a  very  fine  grain 
[7].  This  weld  material  has  been  used  especially  in 
high  heat  input  welding.  Heavy  welded  structures 
arc  often  subjected  to  post  weld  heat  treatment 
(PWHT)  in  order  to  reduce  welding  residual  stresses. 
The  Ti-B  welding  material  provided  satisfactorily 
high  toughness  as  welded  condition  but  not  after 
PWHT.  Recently,  the  welding  material  of  0.05C- 
1.3Mn-2.25Ni-Ti-B  was  developed  which  is  prefer¬ 
ably  tough  not  only  in  as-welded  condition  but  also 
in  as-PWHT  condition  [8]. 

Oxides  in  steels  had  been  considered  as  harmful 
inclusions.  However,  some  oxides  such  as  REM 
oxy-sulfide  [9]  and  T12O3  [10]  were  discovered  to 
have  a  capability  of  nucleating  fine  intragranular 
ferrite  in  the  same  manner  as  the  Ti-B  weld  metal 
does.  Unlike  TiN  precipitates,  oxides  are  stable  in 
high  temperatures  and  never  dissolve  at  the  HAZ 
fusion  line  where  the  temperature  rises  close  to  the 
melting  point  of  the  steel.  The  HAZ  toughness  re¬ 
quirements  are  more  stringent  to  off-shore  structure 
steels  than  shipbuilding  steels.  The  titanium  oxides 
(T^Os)  dispersed  steels  were  used  for  an  oil  pro¬ 
duction  platform  in  North  Sea  because  of  satisfac¬ 
torily  high  toughness  of  their  HAZ  even  made  by 
high  heat  input  welding. 

The  minimum  necessary  crack  tip  opening  dis¬ 
placement  (CTOD)  was  demanded  to  the  welds  of 
off-shore  structures.  However,  a  significant  problem 
arose  concerning  the  assurance  of  minimum  CTOD 
values.  Figure  3  shows  the  scatter  of  CTOD  values 
at  the  fusion  line  HAZ  of  an  off-shore  structure  steel 
whose  toughness  was  already  recognized  to  be  very 
high  with  respect  to  Charpy  testing.  This  scattering 
of  a  quite  wide  range  was  not  unusual.  This  is  because 
CTOD,  which  represents  a  property  of  brittle  fracture 
initiation,  is  determined  by  toughness  at  an  extremely 
localized  area.  Therefore,  the  elimination  of  localized 
brittle  zones  is  essential.  The  intensive  researches  re¬ 
vealed  that  the  localized  brittleness  is  attributed  to 
a  small  hard  spot,  that  is,  a  martensite-austenite 
(MA)  constituent  which  appears  at  the  specific  area 
of  HAZ.  It  was  found  that  the  occurrence  of  brittle 
MA  constituents  is  enhanced  by  the  elements  such 
as  C,  Nb,  V  and  Mo  and  that  Si  and  A1  retard  the 
decomposition  of  MA  constituents  during  welding. 
Then,  off-shore  structure  steels  which  can  assure  high 
critical  CTOD  at  their  HAZ  was  developed  by  TMCP 
together  with  a  careful  control  of  C,  Nb,  V,  Mo,  Si 
and  A1  to  a  minimum  necessary  level  [11]. 

After  a  steam  leakage  incident  caused  by  the 
rupture  of  a  reactor  coolant  tube  in  a  steam  gene¬ 
rator  vessel  in  the  Mihama  NPS  in  Japan  in  1992, 
most  of  steam  generators  were  replaced  by  new 
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Figure  3.  Value  of  CTOD  in  HAZ  of  ordinary  steel  welded  by 
submerged  arc  welding  (5  kj/mm);  o —  accumulated  fre¬ 
quency;  8  —  critical  value  of  CTOD 


ones.  Electron  beam  welding  was  first  used  for  butt 
welding  of  ASME  SA533  Gr.B  Cl. 2  steels  in  the 
new  steam  generators.  To  improve  toughness  of  the 
electron  beam  weld  metal,  that  is  a  remelting  prod¬ 
uct  of  base  steels,  phosphorus  was  reduced  as  low 
as  possible.  The  objective  of  the  phosphorus  reduc¬ 
tion  was  to  minimize  the  solidification  segregation 
of  phosphorus  which  is  very  detrimental  to  weld 
metal  toughness. 

Capability  of  arresting  a  running  crack  is  re¬ 
quired  to  the  steels  and/or  their  HAZ  for  specific 
steel  structures  whose  structural  integrity  of  a  high 
degree  is  required  such  as  LNG  and  LPG  storage 
tanks.  The  fine  grain  Al-killed  steels  had  been  used 
to  LPG  tanks,  while  the  3.5  %  Ni  steels  of  a 
quenched  and  tempered  (QT)  type  had  been  used 
to  LPG  tanks  with  a  higher  margin  of  safety.  The 
control  rolled  and  direct  quench-temper  (CR- 
DQT)  process,  one  type  of  TMCP,  facilitates  grain 
refining  and  solid  solution  treatment  of  hardenable 
alloy  elements.  1.5  to  2.5  %  Ni  steels  produced  by 
CR-DQT  succeeded  to  satisfy  the  crack  arrest  prop¬ 
erty,  Kc a  requirement  of  200  MPa  VirT  at  -100  °C 
at  the  base  steels. 

For  LNG  tanks,  whose  arrest  capability  is  re¬ 
quired  at  -196  °C,  9  %  Ni  QT  steels  had  been  used. 
The  employment  of  TMCP  (CR-DQT,  or  CR-two 
stage  DQ-T)  markedly  promotes  the  grain  refining 
and  the  stabilization  of  residual  austenite,  resulting 
in  satisfactory  arrest  capability  not  only  in  base 
steels  but  also  in  its  HAZ.  The  TMCP  9  %  Ni  steel 
of  the  50  mm  thickness  was  used  for  a  large  LNG 
tank  of  a  200,000  kl  capacity. 

Recently,  a  new  type  of  crack  arrest  steel  was 
developed  [12].  This  steel  is  characterized  by  ex¬ 
tremely  fine  grain  microstructures  at  the  plate  sur¬ 
face.  In  brittle  steels,  a  running  brittle  crack  never 
forms  shear  lips  of  the  ductile  fracture  fashion  at 
the  plate  surfaces.  The  newly  developed  steel  fa¬ 
cilitates  the  shear  lip  formation  at  the  plate  surfaces 
and  high  arrest  capability  results.  Fine  grains  at 
the  plate  surfaces  arc  accomplished  by  hot  rolling 
a  plate  at  the  time  of  increasing  temperature,  while 
the  conventional  hot  rolling  is  conducted  during 
decreasing  temperatures.  This  steel  is  called  SUF, 
i.e.  surface  layer  with  ultra-fine  grain  and  is  desired 
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Figure  4.  Change  of  penetration  in  steels  used  in  near-shore 
conditions  (atmosphere  of  coastline  —  1.3  mg/dm2/day); 
N  —  mean  value  of  penetration;  t  —  period  of  action 

to  be  used  for  oil  storage  tanks  in  which  a  brittle 
crack  must  be  arrested  until  the  crack  becomes  cata¬ 
strophically  long. 

The  fatigue  strength  increases  as  the  steel 
strength  increases,  provided  welded  joints  are 
smoothly  ground  or  machined.  However,  some  dis¬ 
continuity  or  notch  concentration  unavoidably  ex¬ 
ists  at  welded  joints.  In  this  case,  fatigue  strengths 
are  governed  by  a  notch  concentration  factor  at 
welds  rather  than  by  the  steel  strength.  A  metal¬ 
lurgical  factor  contributes  only  to  the  fatigue  crack 
initiation  stage  among  the  whole  stage  of  fatigue 
crack  initiation  and  propagation.  When  some  dis¬ 
continuities  already  exist  in  welds,  fatigue  cracks 
are  ready  to  propagate  and  therefore,  metallurgical 
microstructures  have  no  effects  on  the  fatigue 
strengths.  In  other  words,  it  is  a  difficult  task  to 
develop  a  fatigue  resistant  steel  metallurgically. 

For  ships  and  bridges  generally  subjected  to 
cyclic  loading  during  their  service,  the  careful 
structural  design  is  essential  so  that  stresses  do  not 
exceed  the  fatigue  threshold  level,  and  concur¬ 
rently  smooth  welds  should  be  made  during  fabri¬ 
cation. 

Corrosion-resistant  steels.  The  weathering 
steel  was  first  born  as  the  COR-TEN  steel  in  1933 
in  U.S.  Cu,  Cr,  and  Ni  are  contained  in  this  steel, 
forming  the  stable  rust  layer  on  their  surfaces  to 
prevent  rust  from  growing  into  the  inner  base  steels. 
Later,  a  modified  weathering  steel  was  developed 
by  adding  P  and  Cr  to  the  COR-TEN  type  of  steel. 
According  to  Japan  Bridge  Construction  Associa¬ 
tion  rule,  the  weathering  steels  are  allowed  to  be 
used  without  painting,  provided  the  service  site  is 
at  some  distances  from  the  sea  coast,  i.e.  under  the 
condition  that  air-born  salinity  is  less  than 
0.05  mg/ dm2/day.  Recently,  the  0.4Cu~3Ni 
weathering  steel  was  developed  [13].  This  steel 
forms  very  stable  rust  under  the  coastline  condition 
of  high  air-born  salinity  as  shown  in  Figure  4. 

The  advantage  of  Zn-coated  structures  has 
emerged  from  an  economical  view  point  of  the  longer 
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structural  life  and  completely  maintenance-free 
service.  In  the  construction  of  Zn-coated  structures, 
dip  coating  of  zinc  is  conducted  after  welding  fab¬ 
rication.  Therefore,  liquid  zinc  embrittlement  is 
likely  to  occur  at  grain-coarsened  HAZ.  The  steel 
resistant  to  the  liquid  zinc  embrittlement  was  de¬ 
veloped  in  Japan.  The  chemical  composition  of  this 
steel  is  controlled  so  that  soft  ferrite  microstruc¬ 
tures  can  remain  along  the  grain  boundaries  of  the 
coarsened  HAZ  [14].  The  liquid  zinc  embrittlement 
is  enhanced  by  the  thermal  distortion  caused  by 
hot  dipping  of  zinc.  It  is  important  to  take  measures 
to  minimize  the  thermal  distortion  in  addition  to 
the  use  of  the  zinc  embrittlement  resistant  steel 

[15]. 

Corrosion  of  steel  structures  becomes  harsh  on 
coastal  area  and  off-shore.  It  is  considered  that  Cu- 
and  P-bearing  steels  are  effective  at  the  splash  zones 
while  Cr-bearing  steels  are  corrosion  resistant  in 
the  sea.  However,  there  is  no  carbon  steel  satisfac¬ 
torily  resistant  to  marine  corrosion.  Heavy  painting 
and/or  cathodic  protection  is  needed  for  steel 
structures  under  marine  environments.  Recently, 
Ti-clad  steels  were  used  around  the  piers  of  the 
Trans  Tokyo  Bay  Bridge,  aiming  the  maintenance- 
free  structure  for  a  hundred  year  service  life.  The 
Ti-clad  steels  (with  1  mm  thick  titanium  and  4  mm 
thick  steel)  were  made  by  hot  rolling  two  titanium 
plates  and  one  steel  plate  with  copper  foil  inserted 
between  the  titanium  plates  and  steel  plate.  The 
Ti-clad  steel  plates  were  warped  around  the  piers 
by  welding  the  steel  parts  of  the  clad  plate  with 
piers  [16].  The  Ti-clad  steels  are  very  prospective 
for  the  construction  of  highly  corrosion  resistant 
structures  under  marine  environments. 

SSCC  is  caused  by  hydrogen  entered  from  wet 
H2S  environments.  SSCC  occurs  at  the  hardened 
HAZ  because  SSCC  is  one  type  of  hydrogen  induced 
cracking.  Hardness  increases  especially  at  pipe- 
girth  weld  HAZ  due  to  high  speed  welding,  i.e. 
low  heat  input  welding.  Therefore,  all  the  line-pipe 
steels  for  sour  gas  (wet  H2S)  service  are  produced 
by  TMCP  which  makes  it  possible  to  produce  less 
hardenable  steels. 

Low  alloy  steel  line-pipes  are  used  for  the  trans¬ 
portation  of  processed  gas  and  oil.  However,  un¬ 
processed  gas  and  oil  must  be  transported  in  the 
deep  sea,  and  stainless  steels  or  high  alloy  line  pipes 
are  used.  The  duplex  stainless  steel  (25Cr-9Ni- 
3Mo~2W-0.3N)  was  developed  as  weldable  steels 
but  they  are  expensive.  Recently,  the  super  13Cr 
stainless  steel  (12Cr-6Ni-2.5Mo~Ti)  of  an  eco¬ 
nomic  type  was  developed  in  which  a  carbon  con¬ 
tent  is  reduced  to  0.007  %  from  0.02  %'in  the 
conventional  13Cr  stainless  steel  for  drilling  pipes 
in  order  to  improve  the  girth  weldability  [17]. 

The  reduction  of  HAZ  hardness  is  effective  to 
prevent  SSCC  and  the  TMCP  steels  are  extensively 
used  as  descried  above.  On  the  other  hand,  the 
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Figure  5.  Ultimate  strength  of  heat-resistant  and  ordinary  steel 
at  high  temperatures 


occurrence  of  stress  oriented  hydrogen  induced 
cracking  (SOHIC)  at  the  softened  HAZ  became  a 
serious  problem,  but  there  is  no  metallurgical  coun¬ 
termeasure  against  SOHIC. 

In  alkaline  environments,  stress  corrosion 
cracking  (SCC)  is  dominant.  It  is  reported  that 
there  are  no  clear  relationships  between  SCC  sus¬ 
ceptibility  and  steel  microstructures.  A  survey  on 
the  amine  acid  gas  absorbers  revealed  that  no  SCC 
was  found  in  the  absorbers  on  which  PWHT  had 
been  conducted  [18].  The  major  cause  of  SCC  is 
not  the  hoop  stress  due  to  operating  pressure  but 
welding  residual  stresses.  Carbon  steels  of  the  A516 
grade  are  mostly  used  for  the  absorbers  and  PWHT 
must  be  employed.  Stainless  steels  or  clad  stainless 
steel  are  recommended  for  severer  corrosion  envi¬ 
ronments. 

High-temperature  steels  and  welding  materi¬ 
als.  The  Japan  Ministry  of  Construction  rule  regu¬ 
lates  that  the  temperature  of  steels  in  steel  struc¬ 
tures  be  350  °C  or  less  on  the  occasion  of  fire  because 
the  yield  strengths  of  ordinary  steels  at  350  °C 
reduce  down  to  a  level  of  two-thirds  of  those  at 
the  room  temperature.  Figure  5  shows  the  tempera¬ 
ture  dependence  of  the  yield  strength  of  the  fire- 
resistant  steel  and  the  conventional  structural  steel 
with  the  same  strength  at  the  room  temperature. 
This  result  implies  that  no  fire-protection  coverings 
or  the  significant  reduction  of  its  use  is  allowed  to 
the  buildings  made  of  the  fire-resistant  steel  as  long 
as  the  steel  temperature  does  not  exceed  600  °C. 
The  high  yield  strengths  at  high  temperatures  are 
attained  through  precipitation  hardening  by  the 
addition  of  Mo  together  with  Nb  or  V  [19].  The 
use  of  fire-resistant  steels  was  not  realized  until  a 
full  menu  of  welding  materials  suitable  for  them 
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Figure  6.  Duration  of  fracture  t{  at  creep  of  ordinary  hardened- 
tempered  steel  and  steel  hardened  from  a  cementation  heating 


had  been  developed  for  the  whole  welding  process 
including  SMAW,  SAW  and  GMAW. 

Cr-Mo  steels  are  widely  used  as  creep  resistant 
steels.  The  modified  2.25Cr-lMo-V  steel  has  been 
developed  which  contains  vanadium  to  raise  the  creep 
rupture  strength  at  482  °C  [20].  A  normalized  (N) 
process  or  a  conventional  quenched-and-tempered 
(Q-T)  process  was  employed  to  produce  Cr-Mo 
steels,  but  recently  the  TMCP  (DQ-T)  process  has 
replaced  the  conventional  processes.  Figure  6  shows 
the  effect  of  DQ  on  the  creep  rupture  time,  indicating 
that  DQ  provides  the  Cr-Mo  steels  (2.25Cr-lMo~ 
0.25V-Nb-Ti)  highly  resistant  to  the  softening  du¬ 
ring  PWHT  as  well  as  to  the  creep  rupture  [21  ].  This 
improvement  is  attributed  to  the  promotion  of  the 
refinement  of  austenite  grains  and  the  precipitation 
hardening.  DQ-T  was  also  employed  to  produce  the 
9  %  Cr  heat-resistant  ferritic  steels  [22]. 

Austenitic  stainless  steels  are  used  to  boiler 
tubes  for  the  steam  temperatures  over  570  °C.  How¬ 
ever,  austenitic  stainless  steels  have  such  shortcom¬ 
ings  as  higher  thermal  expansion  rate,  less  thermal 
conductivity  and  higher  susceptibility  to  SCC  than 
ferritic  steels.  The  modified  ferritic  9Cr-lMo  steel 
with  Nb  and  V  exhibited  higher  creep  rupture 
strengths  at  the  temperatures  up  to  627  °C  than 
austenitic  SUS304  stainless  steels.  This  steel  is 
standardized  as  ASME  T91  /P91 .  The  9Cr-0.5Mo- 
0.5Mn-1.8W-Nb-V  steel  was  newly  developed  by 
replacing  0.5  %  Mo  by  W,  Nb  and  V  [23].  The 
permissible  stress  of  this  steel  at  the  temperatures 
over  640  °C  is  1.4  times  higher  than  that  of  the 
modified  9Cr-lMo  steel. 

Welding  materials  for  boiler  tubes  are  generally 
designed  to  be  strength-overmatching  against  base 
steels  so  that  creep  rupture  never  occurs  in  the  weld 
metal.  For  instance,  a  composition  systme  of  9Cr- 
0.5Mo-1.5Mn-0.6Ni-1.5W-Nb-V  was  used  as 
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SAW  welding  materials  for  the  9Cr~0.5Mo- 
0.5Mn-1.8W-Nb-V  steel  tubes  [24]. 

Earthquake-resistant  steel.  High-rise  build¬ 
ings  in  the  earthquake  prone  areas  must  be  designed 
to  be  earthquake-resistant.  A  concept  of  the  earth¬ 
quake  resistance  of  buildings  is  that  all  the  beam 
members  should  uniformly  deform  in  a  plastic  man¬ 
ner  to  absorb  earthquake  energies  while  column 
members  should  remain  in  an  elastic  deformation 
condition. 

Japan  Industrial  Standard  (JIS  )  stipulated  the 
SN400  (TS  400  MPa)  and  SN490  (TS  490  MPa) 
steels  for  buildings,  specifying  the  low  yield  ratio 
(YR)  and  the  narrow  range  of  yield  strengths.  Ac¬ 
celerated  cooling  in  TMCP  facilitates  the  grain 
refining.  However,  the  uniform  fine-grain  micro- 
structures  result  in  the  increase  in  YR.  In  order  to 
reduce  YR,  a  mixed  microstructure  of  soft  ferrite 
and  hard  low-temperature-transformation  products 
is  desired.  To  obtain  this  kind  of  microstructure, 
a  modified  accelerated  cooling  process  was  intro¬ 
duced  where  the  finishing  temperature  of  hot  roll¬ 
ing  is  raised  and  the  start  temperature  of  accelerated 
cooling  is  reduced  to  less  than  the  transition  tem¬ 
perature,  Ar 3  [25].  In  the  high-strength  steel  of  a 
TS  590  MPa  grade,  the  low  YR  was  attained  by 
the  employment  of  DQ-L-T  where  DQ  is  followed 
by  the  L-trcatment  conducted  between  the  Ac 3  and 
Ac  1  transition  temperatures. 

The  weld  metal  should  be  strength-overmatch¬ 
ing  so  that  distortion  never  concentrates  in  the 
weld  metal  of  beam  connection  joints  on  a  occasion 
of  a  major  earthquake.  However,  the  strength  of 
the  weld  metal  tends  to  decrease  because  the  in- 
ter-pass  temperature  during  welding  construction 
tend  to  be  very  high  due  to  the  short  weld  length 
in  building  welded  joints.  The  welding  materials 
for  buildings  were  developed  which  can  guarantee 
the  strength  and  toughness  of  the  weld  metal  under 
the  welding  condition  of  the  inter-pass  temperature 
as  high  as  300  °C. 

CONCLUSION 

A  number  of  new  steels  have  been  developed  and 
they  have  made  it  possible  to  manufacture  the 
welded  structures  for  the  severer  use  than  before. 
The  welding  materials  suitable  for  newly  develo¬ 


ped  steels  were  also  developed  together  with  the 
steel  development.  It  is  obvious  that  the  structural 
integrity  of  almost  all  the  welded  structures  is 
governed  by  the  performance  of  welds  including 
weld  heat-affected-zones  of  steels  and  weld  metals. 
The  cooperative  development  of  steels  and  welding 
materials  has  been  and  will  be  important  to  impro¬ 
ve  the  reliability  of  welded  joints  with  regard  to 
ductile  fracture,  brittle  fracture,  fatigue,  corrosi¬ 
on,  and/ or  creep. 
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ABSTRACT 

In  horizontal  position,  welding  bead  has  an  inclination  to  become  hanging  bead  by  gravity,  and  this  problem 
makes  horizontal  welding  difficult  for  high-deposition  rate  welding.  To  solve  this  problem,  authors  proposed  a 
new  concept  of  welding  process,  so-called  electromagnetically  controlled  molten  pool  (ECMP)  welding  process. 
In  this  process  the  molten  metal  flow  and  bead  shape  are  controlled  by  using  upward  electromagnetic  force. 


Key  words:  arc  welding,  welding  pool,  filler  wires, 
weld  formation,  electromagnetic  control. 

The  TIG  welding  process  with  ECMP  using  two 
filler  wires  simultaneously  is  proposed.  For  this 
purpose,  two  filler  wire  feeders  are  connected  in 
series  to  a  wire  heating  power  source,  and  one  wire 
is  inserted  at  front  position,  and  another  is  inserted 
at  rear  position  of  the  arc.  Wire  heating  current 
flows  in  the  molten  pool  and  improves  the  shape 
of  weld  bead.  Also,  the  wire  current  increases  wire 
deposition  rate  by  Joule  heating.  In  the  test,  stable 
welding  was  possible  under  high-deposition  rate 
such  as  100  -  150  g/min,  and  the  bead  shape  was 
improved  remarkably  in  proportion  to  the  magnetic 
flux  density.  V-groove  joint  weld  was  done  for 
stainless  clad  steel,  and  good  penetration,  smooth 
bead  shape,  sound  weld  joint  property  were  ob¬ 
tained  under  high  deposition  rate  welding  condi¬ 
tions  such  as  100  g/min.  After  these  basic  tests, 
this  welding  process  with  ECMP  was  applied  to  a 
huge  steel  structure,  and  practicability  of  this  pro¬ 
cess  was  proved  by  successful  result. 

In  the  horizontal  welding  of  the  large  steel 
structures,  such  as  steel  stacks,  bridges  and  ships, 
molten  metal  flows  in  an  unexpected  direction  due 
to  gravity,  resulting  in  formation  of  irregular  bead 
such  as  undercut  and  overlap  bead,  which  some¬ 
times  causes  welding  defects  such  as  lack  of  fusion 
at  the  next  pass  in  case  of  multi-layer  welding  [  1  ] . 

Under  these  circumstances,  welding  heat  input 
and  deposition  rate  are  limited  and  inefficient  weld¬ 
ing  work  becomes  unavoidable.  Welding  condition 
is  also  limited.  These  become  serious  problems  in 
the  practical  application. 

To  solve  these  problems,  authors  had  developed 
a  new  welding  method  called  Electromagnetically 
Controlled  Molten  Pool  Welding  Process  (hereafter 
referred  to  as  ECMP  method),  where  the  current 


path  inside  the  molten  pool  is  controlled  by  elec¬ 
trified  filler  wire  and  magnetic  field  given  to  create 
an  upward  electromagnetic  force,  thus  the  flow  of 
molten  metal  and  the  bead  shape  can  be  controlled, 
which  prevents  droplet  of  molten  metal  [2]. 

In  this  report,  the  results  of  examination  of  the 
high  deposition  rate  (100  g/min;  approximately  3 
times  of  that  of  the  conventional  TIG  Hot  Wire 
welding  process)  of  the  same  level  as  that  of  the 
flat  welding  as  well  as  the  method  of  increasing 
the  upward  electromagnetic  force  holding  the  mol¬ 
ten  metal  are  shown  to  promote  further  efficiency 
of  the  horizontal  position  TIG  welding.  That  is, 
two  filler  wires  connected  linearly  to  the  wire  heat¬ 
ing  power  source  are  inserted  into  the  front  and 
the  rear  of  the  arc  respectively,  thus  allowing  the 
welding  under  the  external  magnetic  field  given 
perpendicularly  to  the  base  metal.  This  is  called 
Two  Wire  TIG  Welding  process  with  ECMP  in 
horizontal  position  (hereafter  referred  to  as  Two 
Wires  ECMP  method). 

This  method  is  presented  and  a  prototype  equip¬ 
ment  using  this  method  is  fabricated  experimentally. 
Moreover,  wire  melting  and  welding  phenomena  un¬ 
der  this  method  are  examined  and  the  results  of  its 
practicability  verification  through  the  application 
test  to  huge  steel  structures  are  reported. 

This  research  is  targeted  mainly  the  horizontal 
TIG  welding  of  the  stainless  steel  and  stainless  clad 
steel  that  require  quality  joints. 

Principle  of  Two  Wires  ECMP  method  is  shown 
in  Figure  1 ,  a.  This  Figure  shows  details  of  the 
welding  torch  vicinity  arrangement,  external  mag¬ 
netic  field  given  to  the  molten  pool,  one-directional 
current  element  and  direction  of  electromagnetic 
force  generated  in  the  molten  pool. 

Two  filler  wires  are  inserted  into  the  front  and 
the  rear  of  the  molten  pool.  These  filler  wires  are 
connected  to  the  plus  and  minus  of  the  wire  power 

145 


©  Yu.  FUJITA,  Yu.  MANABE,  S.  ZENITANI  and  S.  URAKAWA,  2000 

if- 

9-10/2000  -  p  1 


.o 


WELDED  STRUCTURES 


Figure  i.  Schematic  diagram  of  Two  Wires  TIG  welding  process  with  ECMP:  a  —  weld  area,  position  of  welding  torch,  magnetic 
coil  and  filler  wires  {1,2-  front  and  rear  wires,  respectively,  3  -  reel;  4  -  torch);  b  -  scheme  of  process  of  horizontal  Two 
Wires  TIG  welding  with  ECMP  (/  -  arc;  2  -  TIG  welding  torch;  3  -  magnetizing  coil;  4  -  carriage;  5,6  -  front  and  rear 
wires;  7  -  wire  heat  source;  8  —  device  for  magnetizing;  9  —  welding  power  source;  10  —  wire  feeding  mechanism) 


source  respectively,  then  electrified.  At  this  point, 
a  current  path  is  formed  between  the  wire  insertion 
points  in  the  molten  pool.  Here,  a  magnetic  field 
acting  perpendicularly  to  the  base  metal  surface 
being  given,  an  upward  electromagnetic  force  is 
generated  inside  the  molten  pool,  thus  droplets  of 
any  beads  can  be  prevented.  In  addition,  the  depo¬ 
sition  rate  can  be  increased  by  Joule  heating  the 
two  filler  wires  through  electrification  against  re¬ 
sistance. 

Figure  1,  b  shows  the  experimental  apparatus 
configuration  for  the  Two  Wires  ECMP  method. 
This  equipment  consists  of  the  wire  power  source 
to  electrify  the  filler  wires,  and  the  excitation 
equipment  to  give  a  magnetic  field  in  the  direction 
of  base  metal  thickness  to  the  molten  pool. 

For  TIG  welding,  DC  power  source  of  800  A 
rated  capacity  is  used  and  the  polarity  of  torch 
minus  is  applied.  Grounding  cables  are  connected 
to  the  ends  of  base  metal  to  prevent  the  uneven 
distribution  of  the  arc  current  and  the  associated 
magnetic  arc  blow. 

For  the  wire  heating  power  source,  DC  power 
source  of  300  A  rated  capacity  is  used.  This  is  con¬ 
nected  linearly  to  the  filler  wires  inserted  into  the 
front  and  the  rear  of  the  arc  in  the  molten  pool. 
Where,  the  front  wire  is  connected  to  the  plus  while 
the  rear  wire  is  connected  to  the  minus,  creating 
the  wire  current  flowing  longitudinally  across  the 
molten  pool. 

The  excitation  power  source  of  the  magnetized 
coil  can  generate  both  alternate  (AC)  and  direct 
currents  (DC).  DC  is  applied  in  this  case. 

For  TIG  welding  torch,  the  water  cooling  type 
of  500  A  rated  is  used.  The  magnetized  coil  is  ar¬ 
ranged  coaxial  to  the  welding  torch  as  shown  in 
Figure  1,  a .  As  to  the  dimensions  and  magnetic 
flux  distribution  characteristics,  the  magnetized 
coil  of  the  same  characteristics  as  shown  in  the 
previous  report  [2]  is  used.  In  the  area  of  high 
current  density  distribution  in  the  molten  pool  (the 
area  of  10  mm  from  the  arc  point),  almost  constant 
magnetic  flux  density  distribution  can  be  observed. 


The  welding  torch,  exciting  coil  and  filler  wire 
torch  are  mounted  on  the  welding  carriage.  Welding 
is  performed  as  this  welding  carriage  is  travelled. 

As  for  specimen,  commercial  austenite  stainless 
steel  (JIS  SUS304)  of  10  mm  thickness  is  used 
except  for  butt  joint  welding  tests.  For  the  butt 
joint  welding  test,  the  clad  steel  (12.5  mm  of  over¬ 
all  thickness)  cladding  1 1  mm  thick  weatherproof 
steel  SMA400AP  with  1 .5  mm  thick  austenite  stain¬ 
less  steel  (JIS  SUS316L)  is  used  in  consideration 
of  applying  to  the  huge  structures  described  after¬ 
wards.  For  the  filler  wires,  1.2  mm  diameter 
austenite  stainless  (JIS  SUS309MoL)  solid  wire  is 
applied  to  every  base  metal. 

Filler  wire  melting  and  bead  formation  phe¬ 
nomena.  Figure  2  shows  the  welding  phenomena 
when  the  external  magnetic  flux  density  Bo  and 
total  wire  feeding  rate  X^f  are  changed. 

Welding  bead  appearances  and  cross  sections 
arc  shown  in  Figure  2,  b  ~  f.  Hatching  section  in 
Figure  2,  a  is  an  area  where  stable  bead  formation 
is  possible,  however,  when  X^f  =100  g/min  is 
constant,  the  bead  shapes  show  significant  vertical 
asymmetry  due  to  dripping  at  Bo  =  0  T  (Figure  2, 
b).  When  the  magnetic  field  of  Bo  =  0.01  T  (Fi¬ 
gure  2,  c )  is  given,  the  beads  show  favorable  ver¬ 
tically  symmetric  shapes  due  to  balancing  between 
the  push  up  effect  of  the  upward  electromagnetic 
force  and  the  gravity. 

When  the  magnetic  flux  density  increases  to 
Bo  =  0.015  T  (Figure  2,  d ),  molten  metal  is  pushed 
upward  due  to  excessive  upward  electromagnetic 
force  and  the  contact  angle  at  the  top  end  of  bead 
increases  significantly.  Shallow  undercuts  appear 
below  the  beads.  In  addition,  bead  bottom  ends 
appear  to  be  slightly  snaking  and  the  limit  of  mag¬ 
netic  flux  density  allowing  stable  bead  formation 
becomes  obvious.  Moreover,  when  the  magnetic 
flux  density  is  increased  as  high  as  Bo  =  0-02  T 
(Figure  2,  /),  the  molten  metal  at  the  bottom  of 
bead  splashes  upward,  causing  a  situation  where 
bead  formation  is  no  longer  possible. 

Meanwhile,  the  lower  limit  of  wire  feeding  rate 
is  determined  by  arcing,  this  becomes  90  g/min 
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Figure  2.  Effect  of  bead  formation  control  during  two  wires 
bead-on  plate  welding  with  ECMP:  two  wires  welding  with 
ECMP  at  different  wire  feeding  rates  and  density  of  a  magnetic 
flux  (IAO  =  500  A;  Jwo  ~  120  A;  vK  =  50  cm/min);  b  -  f  — 
appearance  and  cross  section  of  weld  beads  at  different  density 
of  a  magnetic  flow  (/AO  =  500  A;  7wo  =  120  A;  Lvf  — 
100  g/min):  1  —  bead  with  droplets;  2  —  unmelted  rear  wire; 
3  —  non-uniform  bead;  4  —  uniform  bead;  5  —  arc  burning; 
6  —  metal  spattering 

constant  regardless  of  the  magnetic  field  density. 
Upper  limit  of  X?; f  is  1 1 0  g/min  at  Bo  =  0  T,  above 
it,  droplets  are  observed.  On  the  other  hand,  at 
Bq  ”  0.01  T,  upper  limit  of  Xr;f,  enabling  stable 
bead  formation,  increases  up  to  150  g/min  because 
the  upward  electromagnetic  force,  which  pushes 
up  molten  metal,  increases  as  the  magnetic  flux 
density  increases.  At  X^f  =  160  g/min,  molten  me- 


e,  deg 


Figure  3.  Contact  angle  0  of  bead  at  different  density  of  the 
magnetic  flux  B0  (JA0  =  500  A;  /wo  =  120  A);  O  —  two  wires 
('LV(  =  100  g  /min),  welding  speed  is  50  cm/min 

tal  droplets  are  observed  and  melting  of  the  rear 
wire  becomes  unstable. 

Effect  on  contact  angle  by  magnetic  flux  den¬ 
sity.  As  an  index  of  improvement  effect  of  buildup 
shape,  Figure  3  shows  the  relation  between  mag¬ 
netic  flux  density  and  contact  angle,  which  poses 
a  problem  in  welding  quality  of  overlap  bead,  etc. 

The  contact  angle  decreases  as  the  magnetic  flux 
density  increases.  When  the  magnetic  flux  density 
B0  =  0.01T,  where  welding  bead  formation  is  stable 
and  the  maximum  shape  improvement  effects  can 
be  obtained,  the  contact  angle  decreases  to  approxi¬ 
mately  one  thirds  of  that  at  Bo  =  0  T. 

Based  on  the  results  of  basic  tests  so  far,  aiming 
at  practical  application  of  this  welding  process  to 
huge  structures,  horizontal  multi-layer  welding  test 
is  implemented  using  V-groove  joint  of  stainless 
clad  steel  plate. 

The  joint  geometry  is  shown  in  Figure  4,  a. 
Macropictures  of  the  surface  of  final  layer,  the  back 
surface  of  first  pass  and  the  cross  section  are  shown 
in  Figure  4,  b  ~  d.  As  to  the  welding  condition, 
for  the  first  layer,  arc  current  /a  =  320  A  and  total 
wire  feeding  rate  vf  =  40  g/min  are  set  to  prevent 
excessive  dilution.  After  the  second  pass,  high 
deposition  rate  of  vf  =  90  to  100  g/min  at  /a  =  450 
to  500  A  is  applied. 

Thanks  to  the  above  described  bead  shape  con¬ 
trol  effects  of  electromagnetic  force,  stable  work 
is  ensured.  Besides,  favorable  welding  results  with¬ 
out  any  shape  deficiencies  (lack  of  fusion)  such  as 
overlaps  and  undercuts  are  obtained. 

Required  man-hour  can  also  be  decreased  by 
successfully  reducing  the  multi-layer  pass  number 
eight  for  the  conventional  CO2  welding  process  to 
five.  Favorable  results  of  sufficient  strength  and 
bending  ductility  are  obtained  even  in  the  joint 
tensile  test  and  the  face  and  root  bending  tests. 

Based  on  the  results  of  basic  tests  so  far,  the 
method  is  applied  to  the  block  welding  of  huge 
steel  structures  composed  of  stainless  clad  steel  of 
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Figure  4.  Results  of  two  wires  welding  with  ECMP  of  joints  with  V-groove:  a  —  butt  geometry  and  sequence  of  passes;  b  — 
cross  section;  c  —  surface  of  a  last  layer;  d  —  reverse  side  of  the  first  pass 


the  thickness  and  the  groove  shape  as  shown  in 
Figure  4,  a. 

The  single  block  is  cylindrical  with  the  diameter 
of  5  m  and  the  height  of  3  m.  Circumferential  in 
horizontal  welding  to  joint  blocks  is  implemented. 
The  application  situation  is  shown  in  Figure  5. 

Similar  to  the  joint  welding  test  shown  in  Fi¬ 
gure  4,  high  deposition  rate  of  max.  100  g/min 
can  be  performed  stably,  and  even  in  practical 
structures,  this  welding  method  enables  approxi¬ 
mately  3  times  more  efficient  welding  performance 
than  the  conventional  TIG  Hot  Wire  method. 

CONCLUSIONS 

In  the  horizontal  welding  process,  molten  metal  flows 
in  an  unexpected  direction  due  to  gravity,  causing 
welding  defects  and  hindrance  to  welding  efficiency. 
To  cope  with  these  problems,  authors  had  previously 


Figure  5.  Detail  of  weld,  arrangement  of  welding  torch,  mag¬ 
netic  coil  and  filler  wire 


presented  the  ECMP  method  which  controls  mol¬ 
ten  metal  flow  and  bead  shapes  by  electromagnetic 
force.  In  this  research,  the  horizontal  TIG  welding 
using  two  wires  ECMP  method  of  even  higher  ef¬ 
ficiency  is  promoted  by  doubling  the  wire  applica¬ 
tion.  Also,  its  practicability  is  evaluated  through 
the  application  test  to  huge  structures.  Obtained 
results  are  summarized  as  follows. 

1 .  The  horizontal  TIG  welding  method  by  elec- 
tromagnetically  controlled  molten  pool  with  two 
wires  is  presented.  Bead  shape  improvement  effects 
and  deposition  rate  increasing  effects,  that  are  ob¬ 
tained  using  the  current  path  control  inside  the 
molten  pool  by  the  electrification  between  two 
filler  wires  and  the  electromagnetic  force  generated 
by  the  magnetic  field  given,  are  verified  to  be  sig¬ 
nificant. 

2.  In  the  joint  welding  of  stainless  clad  steel, 
a  favorable  joint  performance  is  verified  to  be  ob¬ 
tainable  by  achieving  approximately  3  times  higher 
deposition  rate  welding  than  the  conventional 
welding  (TIG  Hot  Wire  method). 

3.  This  welding  method  is  applied  to  the  block 
welding  (horizontal  circumferential  welding)  of 
huge  steel  structures  of  stainless  clad  steel.  Quality 
welding  is  verified  at  the  same  deposition  rate  as 
in  the  joint  welding  test;  practicability  of  this 
method  is  proved. 
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INNOVATIONS  IN  JOINING  TECHNOLOGY  — 
PROCESSES  AND  PRODUCTS  FOR  THE  FUTURE 


D.  VON  HOFE  and  K.  MIDDELDORF 

DVS,  Dusseldorf,  Germany 

ABSTRACT 

Promising  areas  of  development  of  different  materials  (steels,  light  metals  and  alloys,  metal  foams,  composites, 
polymers)  are  considered.  It  is  noted  that  in  the  future  welding  and  related  technologies  will  be  the  preferred 
methods,  because  of  their  high  productivity,  high  degree  of  automation  and  simulation. 


Key  words:  welding ,  cutting ,  coating,  joining,  tech¬ 
nology,  materials,  market  of  the  future. 

People-Technology  Environment -Quality  [1  - 

6].  Society’s  increasing  sensitisation  to  environ¬ 
mental  questions  is  linked  to  people’s  concern  about 
their  own  well-being  and  about  that  of  future  gen¬ 
erations.  People’s  wishes  for  safety  and  security 
apply  to  their  environment  in  general  and,  specifi¬ 
cally,  to  their  local  environment,  e.g.  to  their  place 
of  residence  and  workplace.  In  this  connection,  gen¬ 
eral  expectations  are  directed  at  technology  with 
which,  however,  fears  are  also  associated  —  this 
is  applicable  to  joining  technology  as  well. 
Whereas  priority  was,  in  the  past,  almost  always 
given  to  technical  questions  (e.g.  the  improvement 
in  the  mechanical  and  technological  properties  of 
the  joints) ,  other  main  focal  points  have  been  added 
in  recent  years,  such  as: 

•  conservation  of  the  environment; 

•  economical  handling  of  energy; 

•  conservation  of  raw  materials; 

•  improved  benefits  for  the  user. 

Consideration  is  now  also  given  to  environmental 

influences  resulting  from  the  use  of  joining-technol¬ 
ogy  processes  as  well  as  to  possible  health  hazards 
caused  by  harmful  substances.  This  is  supplemented 
by  approaches  relating  to  achieving  an  ecological  bal¬ 
ance.  Furthermore,  products  and  processes  are  no 
longer  assessed  solely  according  to  the  aspects  of  their 
compatibility  with  the  environment  and  their  con¬ 
servation  of  resources  but  instead  also  according  to 
the  more  extensive  approach  with  regard  to  their 
sustainability.  Sustainable  economic  activity  offers 
the  prerequisite  for  economically  successful  actions. 
For  all  sectors  of  technology,  this  results  in  the  fol¬ 
lowing  objective:  to  meet  the  customer  demands 
while  minimising  the  utilisation  of  personnel,  mate¬ 
rial  and  energy  and  maximising  the  productivity  and 
thus  profitability  —  this  with  the  best  possible  con¬ 
servation  of  resources  and  the  minimum  environ¬ 
mental  pollution. 

In  the  fields  of  joining,  cutting  and  coating  (as 
in  other  sectors),  the  trend  is  emerging  on  the  user 
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side  towards  covering  the  requirements  for  devices, 
filler  metals,  consumables  and  miscellaneous  acces¬ 
sories  with  the  aid  of  system  suppliers  (so-called 
tool  shops).  This  trend  towards  purchasing  from 
one  source  will  not  only  influence  and  change  the 
current  dealer  system  in  an  enduring  way  but  will 
also  lead  to  restructuring  measures  on  the  part  of 
the  manufacturers  of  these  products. 

In  the  concurring  opinion  of  the  American 
Welding  Society  and  the  DVS,  the  processes  of 
joining,  cutting  and  coating  will,  in  the  future  as 
well,  be  the  preferred  methods  for  the  successful 
processing  of  the  widest  possible  variety  of  mate¬ 
rials  into  marketable  products.  However,  in  future, 
welding-technology  processes  will  ever  less  fre¬ 
quently  be  understood  as  an  «obstacle»  to  a  «rapid» 
and  smooth  fabrication  process,  but  will  instead 
also  be  increasingly  included  in  the  deliberations 
in  all  the  phases  relating  to  the  design,  development 
and  fabrication  of  a  product.  This  interdisciplinary 
approach  will  be  pursued  in  a  consistent  manner 
and  the  «isolation»  of  the  joining,  cutting  and  coat¬ 
ing  processes  in  the  overall  manufacturing  process, 
which  can  still  often  be  found  today,  will  soon  be 
a  thing  of  the  past. 

On  the  basis  of  these  fundamental  statements, 
it  is  possible  to  define  the  following  theses. 

Costs  and  Productivity.  Cost-favourable  joining- 
technology  processes  with  increased  productivity  and 
further  improvements  in  quality  are  becoming  an  in¬ 
tegral  part  of  the  manufacturing  processes.  Optimum 
solutions  can  be  achieved  by  means  of  the  best  possible 
combinations  of  the  joining  processes  while  making 
use  of  their  respective  strengths.  They  are  pursuing 
a  process  of  consistent  automation.  It  will  soon  con¬ 
stitute  the  state  of  the  art  to  use  simulation  techniques 
in  order  to  model  the  processes.  Simulation  technol¬ 
ogy  is  thus  becoming  the  key  to  the  further  develop¬ 
ment  of  the  joining  processes. 

Technologies  and  Processes  for  the  Markets  of 
the  Future.  New  technologies  and  simulation  proc¬ 
esses  for  the  modelling  of  complete  fabrication  se¬ 
quences  as  well  as  the  utilisation  of  innovations  from 
information  and  sensor  technology  lead  to  consis¬ 
tently  open  and  compatible,  user-friendly  systems 
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(plug  and  play).  The  possibilities  of  the  virtual 
world  will  play  a  decisive  role  in  this  respect.  Prod¬ 
uct-development  cycles  will  become  even  shorter. 
Joining,  cutting  and  coating  technology  can  then 
be  defined  as  a  kind  of  guiding  technology.  It  will 
thus  be  possible  not  only  to  safeguard  the  current 
areas  of  application  of  joining  technology  but  also 
to  open  up  new  promising  fields. 

Quality  Standards .  The  manufacture  of  high- 
quality  joints  and  coatings  without  the  necessity 
of  subsequent  inspection  as  well  as  methods  for  the 
precise  prediction  of  the  service  lives  of  structures 
and  products  will  basically  confer  upon  the  prod¬ 
ucts  the  image  of  being  «safe»  and  «reliable». 

Material  Developments.  For  2020,  it  is  assumed 
that  industry  will,  for  various  reasons,  require  al¬ 
ternatives  to  95  %  of  the  materials  used  in  the 
fabrication  process  today.  With  regard  to  their  de¬ 
velopment,  greater  attention  must  be  paid  to  en¬ 
suring  that  they  can  be  joined,  cut  and  coated 
safely.  Developments  relating  to  the  materials  and 
in  joining  technology  will  reciprocally  create  in¬ 
novative  solutions.  This  connection  is  considered 
in  Chapter  3  of  this  contribution. 

Training  and  Advanced  Training.  Since  the 
specialist  competence  of  the  employees  in  a  com¬ 
pany  on  the  one  hand  and  the  economic  viability 
of  the  production  and  the  product  quality  on  the 
other  hand  are  inextricably  linked  to  each  other, 
even  greater  significance  will  be  attached  to  the 
qualification  of  the  personnel  in  future.  Together 
with  modern  devices  and  installations  as  well  as 
optimised  design  concepts,  qualified  personnel  will 
become  one  of  the  crucial  production  factors. 

The  aspects  of  material  developments,  applica¬ 
tions  and  joining  technologies  are  to  be  dealt  with 
in  greater  detail  below. 

Material  Developments  [7,  8].  New  materials 
for  innovative  applications  are  undoubtedly  one  of 
the  most  strategically  significant  technological  tar¬ 
gets  in  our  economy.  New  materials  are  an  impor¬ 
tant  building  block  for  processes  and  products 
which  conserve  resources,  the  environment  and  en¬ 
ergy.  They  provide  impetus  for  innovations  whose 
effects,  on  the  one  hand,  extend  into  the  living 
world  and  into  people's  everyday  life  and,  on  the 
other  hand,  relate  to  global  competitiveness. 

The  main  focal  points  with  regard  to  the  re¬ 
search  into  and  development  of  materials  are  shift¬ 
ing  ever  further  away  from  generating  materials 
with  the  best  possible  properties,  such  as  the  high¬ 
est  strength,  the  greatest  corrosion  resistance,  the 
highest  toughness  or  the  highest  electrical  conduc¬ 
tivity.  Instead,  the  trend  is  heading  towards  the 
«design  materials  i.e.  towards  the  development  of 
materials  which  can  perform  a  certain  task  in  an 
absolutely  specific  way  while  meeting  the  targets 
relating  to  economic  viability.  Nowadays,  innova¬ 
tions  in  material  development  thus  no  longer  nec¬ 
essarily  entail  just  new  but  rather  the  best  possible 
material  solutions  to  a  clearly  outlined  problem. 
Therefore,  the  multi-material  design  according  to 


which  the  material  suitable  in  each  case  is  used  at 
the  correct  position  in  the  structure  is  increasingly 
taking  effect  with  regard  to  the  areas  of  application. 
In  this  respect,  material  developments  must  not  be 
considered  in  an  isolated  way.  Success  with  regard 
to  the  introduction  of  new  materials  can  only  arise 
in  accord  with  their  manufacture  and  processing 
and  with  new  construction  methods.  Another  factor 
relates  to  the  requirements  for  their  reutilisation. 
The  necessary  cost  accounting  must  be  carried  out 
in  such  a  way  as  to  include  all  the  follow-up  costs 
which  are  incurred  during  the  entire  life  cycle.  In 
this  respect,  increasing  significance  is  being  at¬ 
tached  to  the  further  development  of  the  process 
technology  for  the  manufacture  and  processing  of 
materials  which  are  already  being  used  as  well. 

One  essentia]  criterion  for  every  newly  devel¬ 
oped  material  is  its  weldability. 

This  results  in  the  following  necessities: 

•  proof  of  the  fundamental  weldability  of  newly 
and  further  developed  materials  using  conventional 
welding  processes  and/or  new  and  alternative  join¬ 
ing  techniques; 

•  new  or  further  development  of  suitable  filler 
metals  and  consumables  which  are  appropriate  for 
the  combination  of  the  process,  material  and  ap¬ 
plication  purpose. 

In  this  respect,  material  development  encom¬ 
passes  all  groups  of  materials,  not  only  the  metallic 
and  non-metallic  materials  but  also  material  com¬ 
pounds  and  composite  materials.  The  current  status 
of  development  in  the  following  groups  of  materials 
is  addressed  below: 

•  metals  —  steels,  light  metals  and  metal  foams, 
light-metal  matrix  composite  materials; 

•  polymer  materials  and  fibre-reinforced  poly¬ 
mer  materials; 

•  ceramics  and  nanomaterials. 

Steels.  Steel  will  remain  the  most  important 
construction  material  in  future  as  well.  No  less  than 
half  of  the  around  2,000  steel  grades  which  have 
been  registered  in  the  meantime  have  come  on  to 
the  market  in  the  last  five  years.  The  principal 
areas  of  application  in  Germany  are  for  processing 
in  the  first  production  stage  (40  %),  for  vehicle 
construction  and  mechanical  engineering  (15%  and 
10  %,  respectively)  as  well  as  for  the  building  trade 
and  structural  steel  engineering  (12  %).  However, 
the  economic  significance  of  steel  products  is  con¬ 
siderably  greater  because,  as  a  rule,  their  propor¬ 
tion  of  the  value  added  also  increases  along  with 
the  processing  stages.  Moreover,  in  many  cases, 
central  components  which  determine  the  efficiency 
of  the  entire  installation  are  manufactured  from 
steel.  This  applies  to  wideranging  fields  of  power 
engineering,  traffic  technology  and  medical  tech¬ 
nology.  For  example,  special  emphasis  is  placed  on 
the  parameters  of  efficiency,  emissions  and  power 
density  in  the  construction  of  power  stations  and 
aircraft  engines.  The  elevated-temperature  strength 
of  the  moving  blades  in  the  first  row  of  turbines 
(today,  these  moving  blades  are  made  of  superal- 
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loys  or  special  steels)  is  decisive  for  the  efficiency 
of  the  turbines.  The  particular  advantages  of  using 
steel  are: 

•  reusability  (recycling); 

•  design  diversity,  also  taking  account  of  aes¬ 
thetic  aspects; 

•  good  processing  possibilities. 

As  the  knowledge  in  the  fields  of  metallography 
and  metallurgy  as  well  as  in  material  engineering 
has  grown  in  the  past  decades,  this  has  meant  that 
assured  knowlege  about  the  steels  is  now  available 
for  practically  all  applications  and  stress  types. 

This  is  applicable  with  regard  to: 

•  high-strength  fine-grained  structural  steels  for 
automobile  construction; 

•  duplex  and  superduplex  steels  for  apparatus 
and  plant  engineering; 

•  high-temperature  steels  for  the  construction 
of  power  stations; 

•  coated  materials,  sintered  and  foamed  metal 
materials  as  well  as  materials  for  sandwich  con¬ 
structions. 

It  has  been  proven  that  the  development  of  high- 
strength  and  high-temperature  steels  has  also  pro¬ 
vided  fundamental  stimuli  for  welding  technology. 
For  example,  economically  viable  gas-shielded  met¬ 
al-arc  welding  processes  and  submerged-arc  weld¬ 
ing  processes  with  appropriate  filler  metals  are  be¬ 
ing  developed  for  high-strength  fine-grained  struc¬ 
tural  steels  and  high -temperature  ferritic  chrome 
steels. 

Light  Metals  and  Metal  Foams.  Light  metals 
are  becoming  increasingly  important  all  over  the 
world  as  innovative  materials  with  diverse  appli¬ 
cations  and  combinations  in  industrial  production. 
Nowadays,  light  metals  are  being  used  for  applica¬ 
tions  ranging  from  automobile  and  aircraft  con¬ 
struction  to  medical  technology. 

Aluminium  Alloys.  Application  possibilities  of 
aluminium  alloys  are  being  investigated  intensively 
in  Germany  as  well.  Examples  of  newly  developed 
aluminium  materials  are  the  hardenable  and  weld¬ 
able  aluminium  alloys  on  a  magnesium-silicon  or 
magnesium-lithium-scandium  basis.  This  group 
also  includes  the  aluminium-lithium-copper  alloys 
which  were  recently  developed  for  the  construction 
of  aircraft.  The  metal  foams  also  fall  into  the  cate¬ 
gory  of  the  new  metallic  aluminium  materials.  For 
example,  for  the  core  of  the  aluminium  foam  sand¬ 
wich  (AFS),  aluminium  powder  with  a  low  melting 
point  is  mixed  homogeneously  with  a  titanium  hy¬ 
brid.  The  high  strength  of  these  foams  and  their 
low  weight  allow  new  construction  concepts  to  be 
developed.  In  the  search  for  appropriate  joining 
techniques,  the  suitability  of  various  processes  is 
being  investigated  at  the  moment. 

Even  now,  aluminium  and  its  alloys  are  already 
playing  a  dominant  role  in  the  construction  of  rail 
vehicles  —  80  %  of  all  the  carriages  for  passenger 
transport  consist  of  this  light  metal  which  is  also 
becoming  ever  more  important  for  the  construction 
of  high-speed  ferries. 
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With  the  introduction  of  aluminium  alloys  into 
large-scale  series  fabrication  in  various  sectors,  ever 
more  stringent  demands  are  being  made  on  the 
welding  processes  as  well.  Here,  increasing  signifi¬ 
cance  is  being  attached  to  MIG  tandem  welding  as 
a  high-productivity  welding  process  with  high 
welding  speeds  and  high  deposition  rates.  Because 
of  its  technical  conditions,  this  process  can  be  fully 
mechanised.  Furthermore,  friction  stir  welding  will 
lead  to  a  decisive  extension  to  the  processing  range 
of  aluminium  alloys.  Thus,  aluminium  alloys  (even 
those  which  cannot  be  joined  using  conventional 
fusion  welding  processes)  can  be  joined  using  fric¬ 
tion  stir  welding. 

Magnesium  Alloys.  Because  of  the  growing  sig¬ 
nificance  of  the  environment,  interest  is  centred  on 
weight-saving  and  thus  on  increased  fuel  efficiency 
and  lower  emissions,  especially  in  vehicle  construc¬ 
tion  as  well.  This  fact  results  in  the  need  for  ma¬ 
terials  which  are  as  light  as  possible,  such  as  the 
magnesium  alloys.  This  material  is  being  used  to 
an  increasing  extent  due  to  the  development  of 
high-purity  magnesium  alloys  with  greatly  im¬ 
proved  corrosion  properties.  Such  high-purity  al¬ 
loys  in  particular  have  a  high  application  potential 
in  aviation  and  space  travel  (frequently  together 
with  appropriate  coatings).  It  is  also  possible  to 
manufacture  alloys  which  contain  yttrium  and  neo¬ 
dymium  additives  and  whose  strength  and  ductility 
behaviour  is  equivalent  to  that  of  high-strength 
aluminium  alloys.  Moreover,  the  wear  resistance 
can  be  increased  by  adding  hard  ceramic  particles. 
Thanks  to  the  possibility  of  manufacturing  high- 
quality  series  components  in  mass  fabrication  with 
optimised  costs  with  the  aid  of  the  die-casting  proc¬ 
ess,  the  automobile  sector  is  one  branch  of  industry 
where  magnesium  alloys  are  already  being  proc¬ 
essed  on  a  large  scale  or  where  this  will  be  possible 
in  future.  Examples  of  applications  are:  gearboxes, 
rocker  covers,  instrument  panels,  steering  wheels, 
carburettors  and  car  wheel  rims. 

In  any  case,  further  research  and  development 
efforts  are  still  necessary  with  regard  to  the  weld¬ 
ability  of  magnesium  alloys.  However,  it  may  be 
stated  in  general  that,  if  attention  is  paid  to  the 
material-specific  peculiarities,  it  should  be  possible 
to  use  not  only  the  gas-shielded  arc  welding  proc¬ 
esses  and  plasma  welding  (TIG  processes)  but  also 
laser-beam  welding  in  order  to  manufacture  joints 
with  the  same  quality  characteristics  as  those 
achieved  when  aluminium  alloys  are  welded. 

Titanium  Alloys.  Materials  on  a  titanium  basis 
with  high  temperature  stability  are  manufactured, 
amongst  other  items,  as  alloys  with  45  -  48  %  alu¬ 
minium  and  other  metallic  additives.  In  this  case 
as  well,  the  application  development  is  concen¬ 
trated  on  the  system  concept,  i.e.  the  control  over 
the  entire  process  from  the  material  generation  and 
the  fabrication  technology  (i.e.  the  joining  tech¬ 
nology  as  well)  to  the  finished  product.  Initial 
parts  such  as  engine  valves  and  turbine  engines  and 
blades  have  already  been  manufactured  from  inter- 
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metallic  titanium  aluminides  which  have  signifi¬ 
cant  advantages  in  comparison  with  the  materials 
used  until  now.  They  are  only  half  as  heavy  as 
nickel  and  iron  alloys  and  withstand  higher  tem¬ 
peratures  than  normal  titanium  alloys. 

The  plasma  welding  of  titanium  and  the  friction 
stir  welding  of  titanium  alloys  arc  suitable  joining 
processes  for  this  group  of  materials.  Titanium  al¬ 
loys,  which  are  important  for  the  aircraft  industry, 
can  be  joined  in  a  mechanised  process  by  means  of 
argon-shielded  metal-arc  welding. 

Light-Metal  Matrix  Composite  Materials.  The 
specified  groups  of  materials  on  an  aluminium, 
magnesium  and  titanium  basis  arc  also  extremely 
important  as  a  matrix  material  for  corresponding 
composite  materials.  Fibre-reinforced  and  particle- 
reinforced  composite  materials  are  the  starting 
point  for  extending  the  utilisation  potential  into 
areas  where  priority  is  given  to  reducing  the  weight 
of  components. 

Development  objectives  for  such  composite  ma¬ 
terials  are,  for  example: 

•  increasing  the  yield  strength  and  tensile 
strength  at  room  temperature  and  at  elevated  tem¬ 
peratures  while  maintaining  the  ductility; 

•  increasing  the  creep  resistance  at  elevated  tem¬ 
peratures; 

•  increasing  the  fatigue  strength  at  elevated 
temperatures; 

•  improving  the  thermal  fatigue  resistance. 

It  is  obvious  that  these  composite  materials  ne¬ 
cessitate  correspondingly  adapted  joining  technolo¬ 
gies  which  are,  in  most  cases,  still  in  the  develop¬ 
ment  phase.  However,  it  is  already  emerging  that 
TIG  welding  and  gas-shielded  metal-arc  welding 
appear  to  be  suitable  processes  for  the  joining  of 
light-metal  matrix  composite  materials. 

Polymer  Materials  and  Fibre-Reinforced 
Polymers  [7  — 14] .  Because  of  their  versatility, 
additional  areas  of  application  arc  constantly  be¬ 
coming  accessible  to  the  polymer  materials.  Ger¬ 
many  accounts  for  approximately  1 0  %  of  the  world¬ 
wide  production  of  plastics  of  around  140  million 
tonnes  and  is  thus  by  far  the  largest  single  producer 
within  Europe.  Until  now,  the  synthesis  of  new 
monomers  (i.e.  of  new  building  blocks  for  new 
types  of  polymers)  has  been  regarded  as  the  motor 
of  development.  However,  an  evident  change  is 
emerging  at  the  moment.  This  change  is  charac¬ 
terised  by  the  combination  of  known  monomers  in 
order  to  form  new  so-called  polymer  blends  (as  it 
were,  alloys  of  different  polymers)  and  material 
compounds  with  fibre  or  particle  reinforcement 
which  can  be  used  in  order  to  achieve  certain  prop¬ 
erties  in  a  targeted  way.  For  the  future,  it  is  ex¬ 
pected  that  these  mateirals  will  increasingly  be  tai¬ 
lored  to  specified  applications  and  will  therefore 
compete  not  only  with  glass  or  metals  (as  was  the 


case  until  now)  but  instead  with  other  polymers 
to  a  greater  extent. 

In  the  case  of  the  high-performance  polymer 
materials,  Germany  has  a  15  %  share  of  the  world 
market  and  thus  occupies  a  good  starting  position 
at  least  in  Europe  which  reaches  33  %  in  total.  The 
market  leader  is  the  USA  with  36  %,  followed  by 
Japan  with  31  %. 

The  «intelligent»  materials,  which  are  ex¬ 
tremely  light  as  well,  include  the  fibre-reinforced 
polymers.  However,  since  they  exhibit  hardly  any 
dead  weight,  disturbing  vibrations  often  occur  in 
the  case  of  lightweight  structures.  So-called  adap¬ 
tive  structures  which  detect  mechanical  changes 
and  actively  react  to  them  should  provide  a  remedy 
here.  Such  intelligent  fibre-reinforced  composite 
materials  should  muffle  engine  noise,  make  lenses 
more  precise  and  recognise  damage  such  as  cracks 
in  components. 

As  a  rule,  glass  fibres  and  carbon  fibres  are  used 
for  reinforcement  purposes.  Because  of  their  poten¬ 
tial  for  lightweight  construction,  fibre-  reinforced 
polymers  are  today  already  used  in  aircraft  con¬ 
struction  and,  to  an  increasing  extent,  in  the  con¬ 
struction  of  road  and  rail  vehicles  as  well. 

The  application  possibilities  not  only  of  the 
polymer  materials  but  also  of  the  fibre-reinforced 
polymers  necessitate  suitable  joining  techniques. 
Until  now,  ultrasonic  welding  has  been  put  to  wide¬ 
spread  use  not  only  for  semi-finished  products  and 
moulded  parts  made  of  thermoplastics  but  also  for 
fibre-reinforced  polymers.  One  new  aspect  is  the 
attempt  to  weld  thermoplastics  by  means  of  the 
targeted  input  of  energy  using  microwaves. 

The  development  of  the  welding  of  polymers  is 
closely  connected  with  the  development  of  the  poly¬ 
vinyl  chloride  (PVC)  material.  The  development 
of  the  polymers  setting  in  according  to  that  has 
given  rise  to  a  series  of  new  problems  associated 
with  the  welding  of  scries  parts  and  has  thus  exerted 
an  enduring  influence  on  the  development  of  the 
most  important  welding  processes.  It  is  primarily 
the  following  welding  processes  which  are  used  for 
the  welding  of  polymers  in  pipeline  and  tank  con¬ 
struction  and  in  apparatus  and  plant  engineering: 

•  hot-gas  welding; 

•  heated-tool  welding; 

•  hot-gas  extrusion  welding. 

Ultrasonic  welding,  vibration  welding,  rota¬ 
tional  welding  and  high-frequency  welding  are  also 
used  in  series  fabrication.  In  recent  times,  infrared 
welding  and  laser  welding  have  also  become  estab¬ 
lished  as  supplementary  processes. 

Ceramic  Materials  and  Nanomaterials  [7,  15  — 
18].  The  world  market  for  base  materials  for  high- 
performance  ceramic  materials  is  registering  a  con¬ 
tinuous  rise  in  production  figures.  Whereas  the 
turnover  was  still  only  DM  2  billion  in  1990,  the 
market  volume  had  already  grown  to  DM  3.2  bil- 
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lion  in  1992.  A  turnover  of  just  under  DM  5  billion 
is  already  being  expected  for  the  present  time.  As 
in  the  case  of  the  metals,  the  next  stage  of  value 
added  is  many  times  higher.  Therefore,  a  figure  of 
DM  55  billion  is  being  assumed  at  the  moment. 
The  growth  predictions  are  for  7  -  10  %  per  year. 

The  world  market  for  structural  ceramics  is 
shared  as  follows:  Japan  41  %,  the  USA  32  %  and 
Europe  25  %  (two-fifths  of  which  is  accounted  for 
by  Germany). 

The  example  of  a  ceramic  valve  illustrates  that 
the  design  of  a  component  can  ultimately  be  less 
expensive  than  the  successful  development  of  the 
manufacturing  process,  including  the  finishing  of 
the  hard  ceramic. 

In  the  form  of  substrates,  sensors,  actuators  and 
sound  transformers,  ceramic  materials  are  being  in¬ 
troduced  (for  example)  into  such  growth-oriented 
fields  of  information  technology,  data  processing, 
electronics  as  well  as  automobile  and  aircraft  con¬ 
struction. 

The  application  of  ceramics  in  medicine,  which 
has  grown  sharply  in  the  past  years,  should  be 
mentioned  as  well.  Examples  of  this  are,  amongst 
other  items,  ceramic  hip-joint  prostheses  with  out¬ 
standing  tissue  tolerance,  tooth  implants  and  bioac¬ 
tive,  bone-friendly  ceramics. 

Ceramic  materials  are  a  good  example  of  the 
need  for  parallel  developments  in  joining  technol¬ 
ogy.  While  it  frequently  used  to  be  possible  to 
apply  a  joining  process  without  any  major  scope 
of  development  work  for  one  group  of  materials 
and  for  various  material  thicknesses  and  dimen¬ 
sions,  modern  materials  often  require  complicated 
testing  and  process  adaptation  not  only  to  the  spe¬ 
cial  material  but  also  to  the  material  thickness, 
workpiece  dimensions  and  operating  conditions.  A 
metal-ceramic  joint  which,  for  example,  can  be 
manufactured  with  certain  dimensions  and  at  op¬ 
erating  temperatures  below  100  °C  using  a  specific 
process  requires,  in  some  circumstances  solely  be¬ 
cause  of  the  thermal  expansion  which  cannot  be 
adjusted  completely  to  larger  dimensions  and 
higher  temperatures,  a  totally  different  and,  in 
part,  specially  adapted  joining  process.  If  this  scope 
of  work  is  not  performed,  it  is  not  possible  to 
achieve  a  joining  result  which  is  satisfactory  with 
regard  to  technical  and  economic  aspects.  As  one 
result  of  corresponding  research  and  development 
work,  a  two-beam  laser  process  provides  good  weld¬ 
ing  results  in  the  case  of  an  aluminium-dioxide 
ceramic.  One  CO2  laser  is  used  for  heating  purposes 
in  the  supply  line  and  a  downstream  Nd:YAG  laser 
welds  the  workpieces. 

The  future  potential  of  material  research  is  sym¬ 
bolised  by  the  nanomaterials.  Nanotechnology  per¬ 
mits  material  development  at  the  atomic  and  mo¬ 
lecular  level  not  only  for  the  manufacture  of  com¬ 
posite  materials  with  components  in  the  nanometre 


range  but  also  for  the  production  of  structures  in 
this  order  of  magnitude.  Here,  there  is,  above  all, 
a  demand  for  joining,  cutting  and  coating  processes 
which  have  no  or  only  a  minor  influence  on  the 
complex  material  properties. 

Design  Concept  for  Lightweight  Construction 
[1,  5,  8,  19,  20].  As  already  mentioned,  some  of 
the  above  material  developments  are  directly  re¬ 
lated  to  the  design  concept  for  lightweight  con¬ 
struction.  A  number  of  materials  and  new  types  of 
design  concepts  on  the  one  hand  and  the  existing 
possibilities  in  joining  technology  on  the  other  hand 
are  competing  or  cooperating  with  each  other  here. 
It  is  precisely  this  field  which  embodies  the  diverse 
possibilities  resulting  from  the  optimum  combina¬ 
tion  of  the  material ,  the  design  appropriate  for  the 
material  and  the  joining  processes  specifically 
adapted  to  the  material.  In  many  industries  which 
are  significant  for  the  national  economy  (such  as 
vehicle  construction,  shipbuilding,  mechanical,  ap¬ 
paratus  and  structural  steel  engineering  as  well  as 
environmental  technology),  lightweight  construc¬ 
tion  is  leading  to  great  weight  savings  and  thus  to 
associated  advantages.  The  potential  existing  here 
is  far  from  being  exploited  to  the  full  and  will,  in 
future  as  well,  make  additional  rewarding  fields  of 
activity  accessible  to  research  and  development  in 
the  areas  of  material  science  and  metallurgy  as  well 
as  with  regard  to  joining  technology. 

Lightweight-construction  concepts  are  exploited 
in  various  areas  of  application.  It  is  particularly  the 
following  materials  which  are  used  for  lightweight 
construction  in  the  road-vehicle  industry:  optimised 
steels,  aluminium,  magnesium  as  well  as  materials 
reinforced  with  glass  and  carbon  fibre. 

One  well-known  example  of  the  successful  im¬ 
plementation  of  this  concept  is  the  ultra-light  steel 
auto  body  (ULSAB)  which  has  been  developed  by 
the  steel  industry  in  international  cooperation  and 
with  which  a  25  %  weight  saving  has  been  achieved 
in  comparison  with  conventional  steel  auto  bodies. 
The  further  development  also  involves  doors,  tail 
gates,  suspensions,  springs  and  shock  absorbers 
(ULSAC  —  ultra-light  steel  auto  closures  and  UL- 
SAS  —  ultra-light  steel  auto  suspension).  Their 
consistent  reduction  is  described  by  the  ULSAB- 
AVC  (advanced  vehicle  components)  project.  The 
all-embracing  consideration  of  the  entire  vehicle 
and  of  the  processes  also  incorporates  the  overall 
energy  balances  with  extensive  conservation  of  en¬ 
ergy  and  resources  as  well  as  a  complete  recycling 
system. 

Tailored  blanks  (i.e.  laser-beam-welded  sheet 
bars  with  locally  optimised  characteristics  and  a 
combination  of  sheet  thicknesses,  strengths  and 
anti-corrosion  protection  appropriate  for  the 
stresses)  also  exert  a  crucial  influence  on  the  im¬ 
plementation  of  the  lightweight  concept  in  the  con¬ 
struction  of  road  vehicles. 
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It  is  precisely  tailored  blanks  to  which  increas¬ 
ing  importance  is  being  attached  in  the  construction 
of  road  vehicles.  Whereas  the  demand  for  tailored 
blanks  amounted  to  approx.  50,000  t  in  1993,  a 
demand  of  450,000  t  is  being  forecast  for  2000. 

In  aircraft  construction  as  well,  the  continuing 
compulsion  to  save  fuel  and  to  further  decrease  the 
emission  of  harmful  substances  is  leading  to  intensive 
endeavours  to  reduce  the  structural  weights  by  using 
lighter,  high-strength  materials.  In  this  connection, 
it  is  interesting  that  the  development  in  the  aircraft 
industry  is  aimed  more  at  welded  structures  in  order 
to  achieve  material  savings  by  avoiding  riveted  de¬ 
signs  and  the  overlaps  caused  by  these. 

Developments  and  Further  Developments  in 
Welding  Technology  [14,  21  -24].  At  the  same 
time  as  the  new  and  further  development  of  mate¬ 
rials,  the  existing  welding  processes  must  be  modi¬ 
fied  or  optimised  in  a  material-specific  way  or  new 
types  of  welding  processes  must  be  developed.  In 
addition  to  the  further  development  of  conven¬ 
tional  processes  such  as  manual  metal-arc  welding 
and  gas-shielded  arc  welding,  it  is  particularly  in 
the  field  of  laser-beam  welding  and  cutting  that 
substantial  progress  has  been  made.  This  is  shown 
by  their  increasing  acceptance  in  many  fields  of 
industrial  and  manual  fabrication.  Considerable 
advances  have  also  been  made  with  regard  to  ad¬ 
hesive  bonding  and  mechanical  joining.  A  material 
can  only  be  used  successfully  if  the  joining  tech¬ 
nique  is  suitable.  All  the  material  developments 
prove  emphatically  that  the  development  of  mate¬ 
rials  is  only  half  the  job  and  that  the  integrated 
approach  described  at  the  beginning  must  instead 
be  pursued  in  a  consistent  way. 

It  may  be  assumed  that  arc  welding  technology 
will  be  able  to  maintain  its  leading  position  in  the 
near  future.  In  this  respect,  processes  and  devices 
will  be  developed  further.  Resistance  welding  tech¬ 
nology  will  also  continue  to  be  extremely  important 
in  its  typical  areas  of  application  but  will  have  to 
surrender  market  shares  to  alternative  processes 
such  as  mechanical  joining.  Studies  relating  to  the 
development  of  turnover  in  1 999  show  that  approx. 
20  %  of  the  total  turnover  from  metal  welding 
installations  is  accounted  for  by  resistance  welding 
installations.  An  increase  of  up  to  15  %  is  expected 
by  2003.  However,  the  processes  will  be  supple¬ 
mented  by  adhesive-bonding  technologies  and  by 
mechanical  joining  processes  such  as  clinching  or 
double-bend  joining. 

For  the  joining  of  newly  developed  materials 
and  combinations  of  materials,  ever  greater  signifi¬ 
cance  will  be  attached  to  the  special  welding  proc¬ 
esses  such  as  friction  welding  and  diffusion  weld¬ 
ing.  In  this  respect,  it  will  also  be  possible  to  in¬ 
crease  the  economic  viability  of  these  processes 
through  the  development  of  new  process  variants 


or  the  combination  with  upstream  or  downstream 
heat  treatment  or  forming  processes. 

Current  examples  of  the  process  development 
with  regard  to  the  special  welding  processes  are  linear 
friction  welding  and  friction  stir  welding  whose  ori¬ 
gin  is  to  be  sought  in  the  friction  welding  process. 

In  the  case  of  friction  stir  welding,  the  welding 
process  (as  with  rotational  friction  welding)  is  car¬ 
ried  out  below  the  melting  temperature  of  the  ma¬ 
terials  to  be  joined,  in  the  boundary  area  of  the 
heterogeneous  «solid-liquid»  phase  field,  i.e.  in  the 
pasty  state.  Therefore,  it  is  also  characteristic  of 
this  process  that  the  heat  input  into  the  material 
is  limited  to  the  direct  vicinity  of  the  weld.  Using 
friction  stir  welding,  it  is  no  problem  to  manufac¬ 
ture  longer,  high-quality  butt  and  lap  welds.  The 
process  is  also  used  in  the  vehicle  industry  in  order 
to  fabricate  panels  and  profiles  with  large  cross- 
sections  and  with  weld  lengths  of  up  to  14  m. 

While  the  friction  stir  welding  process  is  al¬ 
ready  being  put  to  more  widespread  use  with  alu¬ 
minium  and  magnesium  and  their  alloys  (it  can 
also  be  used  for  copper,  titanium,  zinc  and  lead), 
its  utilisation  possibilities  with  steel  sheets  have 
not  yet  been  investigated  comprehensively  in  spite 
of  initial  promising  tests.  However,  interesting  re¬ 
sults  may  certainly  be  expected  here  in  future. 

The  extent  to  which  laser-beam  welding  has 
already  been  introduced  into  the  operational  fab¬ 
rication  process  is  shown  by  the  example  of  laser- 
welded  sandwich  components  made  of  steel  for 
structural  elements  in  shipbuilding.  However,  la- 
ser-bcam-welded  components  made  of  steel  are  not 
used  solely  in  shipbuilding  but  instead  in  a  large 
number  of  other  areas  of  daily  life.  Bridges,  rail 
vehicles,  shaft  walls  and  shuttering,  steel  struc¬ 
tures  and  tanks  are  just  a  few  applications  which 
can  be  mentioned  in  this  context. 

The  manufacture  of  bottom  plates  in  the  tunnel 
area  with  different  wall  thicknesses  can  be  cited 
as  an  example  of  the  application  of  laser-beam  weld¬ 
ing  in  automobile  construction. 

In  addition  to  the  well-known  and  widely  used 
CO2  and  Nd:YAG  laser-beam  sources,  new  welding 
applications  are  being  opened  up  by  diffusion- 
cooled  C02  lasers  and  diode-pumped  multi-kW 
Nd:YAG  lasers.  Additional  impetus  for  applica¬ 
tions  is  to  be  expected  in  particular  as  a  result  of 
the  further  development  of  the  high-power  diode 
lasers.  The  introduction  of  scanner  optics  leads  to 
so-called  «remote  welding  systems»  for  three-di¬ 
mensional  structural  elements  with  high  produc¬ 
tivity.  The  multi-spot  technique  in  which  it  is  pos¬ 
sible  to  make  efficient  use  of  the  expensively  gen¬ 
erated  laser  energy  by  means  of  a  multi-beam  dis¬ 
tributor  module  can  be  used  in  order  to  manufacture 
welds  in  a  particularly  efficient  way.  As  with  all 
welding  processes,  the  laser  technology  used  will 
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basically  be  oriented  towards  the  application  re¬ 
quirements. 

Electron-beam  welding  will  be  able  to  retain, 
and  probably  extend  even  further,  its  importance 
for  the  joining  of  highly  reactive  materials  and  of 
workpieces  requiring  particular  cleanness. 

The  hybrid  technologies  constitute  another 
promising  development  direction. 

Hybrid  technologies  provide  advantages  by 
making  use  of  synergetic  effects  resulting  from  the 
combination  of  two  or  more  joining  processes.  One 
interesting  hybrid  joining  process  is,  for  example, 
gas-shielded  metal-arc  welding  in  combination 
with  laser-beam  welding.  This  combination  of  proc¬ 
esses  permits  a  higher  welding  speed  although  the 
laser-beam  power  is  reduced  by  40  %.  It  also  allows 
the  welding  process  to  be  adapted  in  a  better  way 
to  conditions  relating  to  fabrication  technology  and 
material  science.  The  process  is  equally  suitable  for 
steel  and  other  materials.  Another  example  is  the 
combination  of  the  laser  beam  and  the  arc  (as  is 
used  for  the  welding  of  aluminium  profiles)  where 
the  laser  welding  process  is  supported  by  a  micro¬ 
plasma  welding  system.  Hybrid  technologies  are 
also  used  in  order  to  join  brittle  materials  such  as 
ceramics  and  for  glass. 

The  following  tendencies  are  emerging  with  re¬ 
gard  to  the  future  of  joining  technology: 

•  established  welding  processes  are  being  sub¬ 
stituted  in  part  or  in  full; 

•  the  ongoing  rapid  development  in  the  fields 
of  microelectronics  and  microsystem  technology  is 
exerting  a  positive  influence  on  the  further  devel¬ 
opment  of  the  periphery  of  joining  technology. 
Those  areas  concerned  are,  for  example,  sensors, 
actuators  as  well  as  process  control  and  regulation; 

•  the  progress  in  computer  technology  on  both 
the  hardware  and  software  sides  is  opening  up  for 
simulation  technology  possibilities  whose  effects 
with  regard  to  joining  technology  as  a  whole  are, 
as  yet,  unforeseeable; 

•  the  development  of  new  materials  and  design 
concepts  is  creating  the  necessary  prerequisites  for 
additional  innovative  joining  techniques  and  intel¬ 
ligent  services; 

•  automation  as  a  result  of  constant  progress  in 
robotics. 

Below,  a  few  welding  processes  are  to  be  con¬ 
sidered  in  greater  detail  with  regard  to  future  de¬ 
velopment  trends  and  research  necessities. 

Arc  Welding.  In  future,  there  will  be  a  need, 
above  all,  for  welding  processes  or  process  variants 
which  permit  further  increases  in  productivity  with 
an  assured  quality  of  the  welded  joints.  The  more 
frequent  utilisation  of  new  materials  (especially  of 
non-ferrous  metals)  necessitates  the  further  devel¬ 
opment  of  the  existing  arc  welding  processes. 

Existing  arc  welding  processes  can  be  developed 
further  by  means  of  electronic  welding  power 


sources,  process  analysis,  process  control  and  proc¬ 
ess  optimisation.  This  also  includes  the  dynamic 
simulation  of  the  metal  transfer  on  the  basis  of 
volume-of-fluid  methods.  Parameters  for  gas- 
shielded  metal-arc  welding  processes  can  be  gener¬ 
ated  using  neural  networks.  The  time  required  for 
the  development  work  on  new  process  variants  will 
be  shortened  considerably  by  such  procedures.  An 
improvement  in  the  reproducibility  of  the  process 
parameters  gives  rise  to  an  increase  in  the  fabrica¬ 
tion  certainty  and  reduces  the  scrap  by  the  post¬ 
weld  machining  times. 

Resistance  Pressure  Welding  (and  Allied  Pro 
cesses).  As  has  been  the  case  until  now,  the  resistance 
pressure  welding  processes  in  which  the  joint  is  manu¬ 
factured  with  the  effect  of  force  and  with  conductive 
or  inductive  heating  can  fulfil  with  high  productivity 
ever  more  stringent  requirements  resulting  from  new 
materials  and  joining  parts  with  product-specific  sur¬ 
face  modifications.  In  this  respect,  special  emphasis 
is  placed  on  the  following  aspects: 

•  process  regulation  and  quality  assurance  in 
the  fabrication  process  (development  of  intelligent 
fabrication  systems,  amongst  other  items,  on  the 
basis  of  mathematical  methods  such  as  fuzzy  logic, 
neural  networks  and  numerical  process  simula¬ 
tion); 

•  measures  in  order  to  increase  the  electrode 
lives; 

•  process  simulation  (experimental  and  numeri¬ 
cal); 

•  environmental  compatibility  and  safety  at 
work  (e.g.  susceptibility  to  electromagnetic  inter¬ 
ference). 

Special  Welding  Processes.  Special  welding 
processes  in  which  the  joint  is  manufactured  below 
the  melting  temperature  by  means  of  pressure 
and/or  heat  allow  the  manufacture  of  tempera¬ 
ture-resistant,  vibration-resistant,  vacuum-tight 
and  low-deformation  joints  for  combinations  of  ma¬ 
terials  with  different  joining-part  geometries  for 
which  other  processes  such  as  brazing  and  solder¬ 
ing,  adhesive  bonding,  fusion  welding  or  mechani¬ 
cal  joining  do  not  lead  to  the  desired  success.  Fur¬ 
thermore,  the  special  welding  processes  are  char¬ 
acterised  by  low  distortion,  high  repeat  accuracy 
of  the  welding  results,  short  cycle  times  and  low 
environmental  pollution. 

The  following  aspects  are  being  discussed  in 
particular: 

•  joining  of  different  metals  which  cannot  be 
joined  with  each  other  by  means  of  fusion  welding; 

•  joining  of  components  with  extremely  low 
material  thicknesses  or  diameters  and  of  compo¬ 
nents  with  extreme  differences  in  thickness; 

•  manufacture  of  products  in  one  operation  from 
one  material; 

•  joining  processes  with  an  extremely  low  weld¬ 
ing  temperature  and  a  low  thermal  load. 
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Beam  Welding  Processes.  If  special  emphasis 
is  placed  on  precision  and/or  on  difficult-to-weld 
materials  where  conventional  welding  processes 
often  fail,  it  is  possible,  depending  on  the  applica¬ 
tion,  to  use  laser-beam  or  electron-beam  welding. 
Even  the  vacuum  in  electron-beam  welding,  which 
is  detrimental  at  first  glance,  can  be  used  advan¬ 
tageously  for  high-quality  joints  or  in  the  case  of 
reactive  metals.  Furthermore,  it  is  possible  to  dras¬ 
tically  reduce  non-productive  times  for  the  evacu¬ 
ation  of  the  work  chamber  by  using  vacuum  locks 
or  jigs.  Non-productive  times  are  eliminated  all 
together  if  the  electron-beam  welding  process  is 
performed  out  of  vacuum. 

Particular  attention  must  be  paid  to  the  follow¬ 
ing  points: 

•  improving  the  plant  engineering  and  intro¬ 
ducing  new  types  of  installations  and  installation 
concepts; 

•  improving  the  physical  and  mathematical  mod¬ 
els  for  the  energy  input  into  the  workpiece  so  that 
the  welding  results  can  be  predicted  in  a  better  way. 

Due  to  the  great  variation  range  of  the  materials 
and  material  thicknesses  which  can  be  welded  using 
the  beam  welding  processes,  an  increasingly  wide 
spectrum  of  application  possibilities  is  available  to 
the  electron  and  laser  beams. 

The  out-of-vacuum  electron-beam  welding  in¬ 
stallation  which  leads  to  the  introduction  of  a  new 
welding  process  is  regarded  as  a  new  type  of  in¬ 
stallation.  Out-of- vacuum  welding  with  the  elec¬ 
tron  beam  promises  to  revolutionise  beam  welding, 
particularly  in  the  case  of  parts  for  lightweight 
construction. 

Research  projects  dealing  with  the  physical 
and  mathematical  understanding  of  the  beam 
welding  processes  are  contributing  to  the  devel¬ 
opment  of  models  which  allow  the  welding  result 
to  be  forecast  on  the  basis  of  the  welding  parame¬ 
ters  and  material  data.  The  objective  is  to  develop 
knowledge-based  systems  and  simulation  pro¬ 
grams  which  will  make  it  possible  to  do  without 
extensive  test  welds  for  the  determination  of 
welding  parameters. 

CONCLUSIONS 

In  future,  joining  technology  in  the  all-embracing 
sense  (i.e.  welding  and  allied  processes,  including 
the  cutting  and  coating  processes)  will,  to  an  even 
greater  extent,  be  the  preferred  technology  for  the 
fabrication  of  innovative  products  which  are  suc¬ 
cessful  on  the  world  markets.  For  this  purpose, 
joining  technologies  will  be  included  in  all  phases 
of  product  development  and  fabrication  in  a  con¬ 
sistent  way.  Joining  technology  will  have  a  guiding 
function.  Joining  technologies  for  the  markets  of 
the  future  are  characterised  by  high  productivity 


on  the  basis  of  consistent  automation  and  the  use 
of  simulation  processes. 
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ABSTRACT 

The  results  of  investigation  of  high-efficiency  processes  of  welding  in  Ar~He-C02  and  Ar~C02  mixtures  at  450  A 
currents  are  given.  The  sizes  of  a  cross-section  of  deposited  beads,  including  the  depth  of  penetration  are  evaluated. 
The  chemical  composition  was  determined,  metal lographic  examinations,  and  also  the  tensile  tests,  impact  bend 
and  fracture  toughness  tests  of  metal  deposited  in  shielding  gas  mixtures  at  300,  350  and  400  A  currents  were 
performed.  There  were  no  significant  differences  in  properties  of  the  metal  deposited  in  various  mixtures.  Good 
characteristics  of  properties  of  the  deposited  metal  and  welded  joints  obtained  at  currents  up  to  430  A  using  all 


compositions  of  shielding  gas  mixtures  were  confirmed. 

Key  words:  arc  welding,  consumable  electrodes , 
shielding  gases,  carbon  dioxide  gas. 

New  processes  of  metal-arc  active  gas  (MAG)  weld¬ 
ing  which  have  the  common  characteristics  of  a 
high  level  of  the  arc  energy,  permit  achievement 
of  electrode  wire  melting  rate  2  to  3  times  higher 
compared  to  the  earlier  used  welding  processes. 
The  applications  of  these  processes  include  fabri¬ 
cation  of  plate  and  tubular  welded  structures  of  a 
great  thickness.  The  factors  essentially  limiting  the 
introduction  of  advanced  welding  processes,  arc 
the  economic  characteristics  of  the  process.  For  in¬ 
stance,  the  best  known  high-efficiency  welding 
process  called  T.I.M.E.  is  based  on  the  application 
of  special  equipment  and  expensive  shielding  gas 
consisting  of  four  components.  The  results  derived 
by  various  independent  investigators  point  to  the 
possibility  of  MIG/MAG  welding  with  a  higher 
parameter  arc,  when  standard  equipment  and  less 
complex  gas  mixtures  are  used.  These  results  have 
been  confirmed  by  investigations  performed  in  the 
Institute  of  Welding  in  Glivice  (Poland). 

High-efficiency  processes  of  MAG  welding. 
The  high-efficiency  MAG  welding  processes  which 
emerged  in  Europe  in  1990s  are  those  which  were 
named  in  the  organisations  which  had  developed 
them  (T.I.M.E.,  Rapid  Melt,  Linfast).  The  first 
of  the  above-listed  was  T.I.M.E.  process  developed 
at  the  start  of  1980s  in  Canada.  It  is  characterised 
by  a  high  current  density,  greater  electrode  wire 
extension,  use  of  a  special  mixture  of  gases  for 
protection  of  the  arc  zone  and  of  welding  equipment 
providing  high  rates  of  electrode  wire  feed,  and 
reliability.  The  shielding  gas  often  contains 
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65  %  Ar,  26.5  %  He,  8  %  C02  and  0.5  %  02.  As 
stated  by  the  authors  of  [  1 J ,  helium  presence  in 
the  gas  mixture  increases  the  shielding  gas  ionisa¬ 
tion  potential  and  arc  potential  gradient,  thus  in¬ 
creasing  the  arc  voltage.  In  this  case,  the  level  of 
the  arc  energy  rises,  resulting  in  higher  pressure  of 
the  arc  plasma  flow,  i.e.  a  deeper  penetration  of 
the  base  metal  is  ensured  with  stable  dimensions 
of  the  weld  cross-section. 

Rapid  Melt  process  also  provides  an  increase  of 
the  electrode  melting  rate  in  welding  of  metal 
thicker  than  10  mm.  Use  of  this  process  is  the  most 
effective  in  mechanised  work  stations  [2,  3].  The 
typical  wire  feed  rate  in  this  case  is  25  to  35  m/ min, 
while  the  melting  rate  is  1 0  to  20  kg/h  of  deposited 
metal.  Ar  +  8  %  C02  mixture  is  recommended  for 
use  as  the  shielding  gas.  The  authors  of  this  process 
believe  that  such  a  composition  of  the  shielding 
gas  promotes  achievement  of  the  required  metal 
transfer  in  the  arc,  good  wetting  of  the  base  metal 
with  the  molten  metal  of  the  weld  pool,  as  well  as 
reduction  of  the  amount  of  spatter  and  slag.  Small 
additions  of  nitrogen  oxide  are  recommended, 
which  reduce  the  amount  of  evolving  ozone. 

One  of  the  most  recently  introduced  new  high- 
efficiency  MAG  welding  processes  is  Linfast  [4] 
performed  in  the  same  modes  as  Rapid  Melt.  Its 
main  advantage  is  the  absence  of  disruptions  of  the 
stability  of  the  high-energy  arc  running  and  use  of 
specially  developed  gas  mixtures  of  a  new  genera¬ 
tion  which  promote  a  higher  stability  of  arcing  and 
quality  of  welded  joints.  In  this  case,  use  of  a  two- 
component  mixture  (Ar  +  C02)  is  also  possible. 
Improvement  of  the  penetration  shape  and  appear¬ 
ance  of  welds  produced  at  the  wire  feed  rate  of  15 
to  20  m/min  is  provided  by  addition  of  20  to  30  % 
.  jT~ 
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helium  to  the  shielding  gas  composition.  Use  of 
gas  mixtures  called  T.I.M.E.  II,  Corgon  He25C  or 
Corgon  He25S  enabled  elimination  of  arcing  insta¬ 
bility  in  mechanised  welding  and  the  concurrent 
defects  in  welds.  The  composition  of  the  above  gas 
mixture  grades  was  not  published.  It  is  only  known 
that  besides  the  already  mentioned  helium  addi¬ 
tion,  these  mixtures  contain  a  relatively  large 
amount  of  CO2. 

Thus,  it  can  be  stated  that  all  the  high-efficiency 
MAG  welding  processes  are  based  on  the  same  prin¬ 
ciples,  whereas  the  differences  between  them  are 
primarily  in  the  composition  of  the  recommended 
shielding  gases,  namely: 

•  two-  and  three-component  mixtures,  as  well 
as  mixtures  of  four  components  in  which  carbon 
dioxide  or  oxygen,  and  sometimes,  both  the  gases, 
are  the  reactive  elements,  are  used  as  the  shielding 
gas.  The  base  of  the  gas  mixtures  is  argon,  the 
volume  fraction  of  which  is  between  60  and  96  %. 
The  mixtures  containing  three  or  four  components, 
include  another  inert  gas,  i.e.  helium; 

•  helium  addition  to  the  shielding  gas  promotes 
a  greater  stiffness  of  the  arc  and  its  arcing  stability 
[1,  4],  better  penetration  and  weld  shape  [4],  this 
being  the  result  of  the  arc  voltage  rising  and  increase 
of  its  energy.  The  stability  of  the  process  and  the 
concurrent  good  weld  properties  are  ensured  by  mix¬ 
tures  not  containing  any  helium  [2,  3]; 

•  content  of  reactive  components  in  the  shield¬ 
ing  gas  in  the  majority  of  high-effeciency  welding 
processes  is  lower  (by  approximately  two  times) 
than  in  the  case  of  the  traditional  MAG  welding. 

Investigation  of  MAG  welding  processes  with 
the  use  of  various  shielding  gases.  One  of  the 
main  goals  of  investigations  was  determination  of 
the  influence  of  the  shielding  gas  composition  on 
the  weld  shape  and  dimensions,  deposited  metal 
characteristics  and  properties  of  welds  made  with 
higher  welding  parameters  under  the  conditions 
close  to  those  of  welding  productions  of  Polish 
enterprises.  A  semi-automatic  machine  fitted  with 
a  standard  thyristor  power  source  and  wire  feed 
mechanism  providing  up  to  25  m/min  feed  rate, 
was  used  in  this  case.  SG2  welding  wire  of  1.2  mm 
diameter  and  the  following  shielding  mixtures  were 
selected  as  the  welding  consumables: 

60  %  Ar  +  30  %  He  +  10  %  C02  (60/30/10), 

75  %  Ar  +  15  %  He  +  10  %  C02  (75/15/10), 

90  %  Ar  +  10  %  C02  (90/10). 


Investigations  included  bead  deposition  on 
plates  and  measurement  of  their  cross-section,  re¬ 
cording  and  analysis  of  the  regularities  of  welding 
current  and  arc  voltage  variation,  determination  of 
the  properties  of  the  deposited  metal  and  welded 
joints. 

Investigation  of  welding  modes  and  deposited 
bead  shape.  Changes  of  welding  current  and  arc 
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voltage  were  recorded  on  magnetic  discs  by  a  special 
instrument  and  then  processed  in  the  computer. 
Within  the  modes  characteristic  for  spray  metal 
transfer,  these  changes  differed  from  each  other 
only  slightly  (irrespective  of  the  shielding  gas  com¬ 
position),  although  a  certain  disruption  of  the  sta¬ 
bility  of  the  measured  parameters  was  recorded 
when  mixtures  without  helium  were  used. 

Evaluation  of  the  influence  of  the  welding 
modes  and  shielding  gas  composition  on  the  depo¬ 
sited  bead  dimensions  was  performed  by  measure¬ 
ment  of  the  weld  convexity  height  and  width,  as 
well  as  of  penetration  depth  on  macrosections. 
These  investigation  results  show  that  the  weld 
shape  is  influenced  by  the  shielding  gas  composi¬ 
tion.  The  width  of  the  beads  deposited  in  the  mode 
of  spray  transfer  in  the  mixtures  containing  helium, 
on  average  is  by  2  mm  smaller  and  the  convexity 
height  is  approximately  by  0.8  mm  greater  com¬ 
pared  to  the  welds  made  in  gas  mixtures  without 
helium.  The  influence  of  gas  shielding  on  penetra¬ 
tion  depth  is  ambiguous;  however,  uniform  pene¬ 
tration  by  depth  was  achieved  in  all  the  cases. 

Investigation  of  the  deposited  metal.  Plates 
were  welded  at  300,  350  and  400  A  currents  in 
90/ 10,  75/ 15/ 10  and  60/30/10  shielding  gases 
with  SG2  wire  to  determine  the  deposited  metal 
properties. 

Investigations  also  included  chemical  analysis  of 
the  gases,  metal lographic  examination,  as  well  as 
tensile,  impact  bending  and  fracture  toughness  tests. 

Chemical  analysis  of  the  samples  permitted  de¬ 
termination  of  the  amount  of  alloying  elements  in 
the  deposited  metal,  and  of  oxygen,  nitrogen  and 
hydrogen  content  with  LECO  instrument  (Ta¬ 
ble  1). 

As  shown  by  composition  analysis  results,  within 
the  studied  welding  modes  the  increase  of  the  arc 
energy  does  not  influence  the  degree  of  alloying  ele¬ 
ments  loss.  The  shielding  gas  composition  does  not 
make  any  significant  influence  on  the  process  of  al¬ 
loying  elements  oxidation,  either,  this  being  probably 
related  to  the  same  content  of  C02  (10  %)  in  the 
shielding  mixtures.  Oxygen  content  in  the  deposited 
metal  has  a  tendency  to  increase  with  the  welding 
current,  its  content,  however,  not  exceeding  the  un¬ 
desirable  level  (400  ppm).  In  the  studied  range  the 
welding  parameters  do  not  practically  influence  the 
nitrogen  content  in  the  metal. 

Metallographic  examination  demonstrated  the 
following: 

•  fine  nonmetallic  inclusions  of  about  1  pm  are 
found  in  the  deposited  metal,  which,  as  a  rule,  are 
complex  oxysulphides  uniformly  distributed  over 
the  weld  section; 

•  analysis  of  the  multilayer  weld  structure  re¬ 
vealed  the  presence  in  the  joint  of  about  20  %  of 
metal  which  had  not  undergone  any  structural 
changes  and  about  80  %  of  metal  recrystallized 

SSL-.,,,*  -  9-10/2000 


WELDED  STRUCTURES 


Table  1,  Content  of  alloying  elements  and  gases  in  the  deposited  metal 


Sample 

number 

Shielding  gas 

Weight  fraction  of  alloying  elements  and  gases  in  the 
deposited  metal 

Current,  A 

% 

ppm  (average  value) 

C 

Mn 

Si 

o2 

n2 

h2 

1 

300 

0.090 

1.11 

0.67 

289 

71 

1.15 

2 

60/30/10 

350 

0.095 

1.10 

0.66 

297 

68 

1.12 

3 

400 

0.090 

1.10 

0.62 

329 

132 

0.37 

4 

300 

0.095 

1.14 

0.67 

246 

74 

0.36 

5 

75/15/10 

350 

0.095 

1.09 

0.64 

249 

105 

0.33 

6 

400 

0.085 

1.15 

0.60 

323 

71 

0.20 

7 

300 

0.090 

1.08 

0.66 

314 

66 

0.57 

8 

90/10 

350 

0.095 

1.05 

0.59 

271 

64 

0.30 

9 

400 

0.095 

1.15 

0.66 

329 

60 

0.41 

16 

90/10 

400 

0.100 

1.10 

0.62 

- 

- 

- 

17 

60/30/10 

400 

0.100 

1.18 

0.63 

Note:  Samples  No.  16  and  17  are  designed  for  fracture  toughness  testing. 

under  the  impact  of  the  heat  applied  in  deposition 
of  subsequent  beads.  The  metal  which  did  not  un¬ 
dergo  changes  mostly  consists  of  complex  ferrite 
structures  with  hypoeutectic  ferrite  precipitating 
along  the  primary  austenite  grain  boundaries, 
platelike  (Windmanstatten)  and  fine  acicular  fer¬ 
rite.  The  total  content  of  hypoeutectic  ferrite  was 
about  10  %,  that  of  plate-like  ferrite  being  about 
15  %,  and  of  acicular  ferrite  about  75  %.  No  sig¬ 
nificant  influence  of  the  welding  mode  or  shielding 
gas  composition  on  the  content  of  the  above  ferrite 
structural  components  was  found;  the  recrystal- 
lizcd  metal  in  the  majority  of  cases  demonstrated 
a  granular  ferrite-pearl ite  structure,  practically  the 
same  for  all  the  samples  welded  in  shielding  mix¬ 
tures,  irrespective  of  the  shielding  medium  compo¬ 
sition. 

Tensile,  impact  and  fracture  toughness  test¬ 
ing.  The  results  of  tensile  and  impact  toughness 
tests  are  given  in  Table  2.  The  differences  between 
the  values  of  yield  point  oy  and  ultimate  tensile 
strength  at  of  the  deposited  metal  samples  produced 
in  the  studied  gas  mixtures,  are  practically  insig¬ 


nificant.  These  testing  results  are  ambiguous.  In 
helium-containing  mixtures,  ay  and  at  values  in¬ 
creased  with  the  increase  of  the  welding  heat  input, 
while  in  90/10  mixture  they  decreased. 

The  results  of  fracture  toughness  testing 
(CTOD)  indicate  that  the  temperature  at  which 
the  studied  deposited  metal  (samples  No.  16  and 
17)  demonstrates  brittle  fracture  susceptibility  is 
below  -20  °C.  At  this  temperature  the  admissible 
length  of  the  defect  for  the  metal  of  sample  No.  16 
should  not  exceed  4  to  5  mm,  whereas  for  the  metal 
of  sample  No.  17  the  admissible  defect  of  this  order 
is  found  at  -40  °C.  The  brittle  transition  tempera¬ 
ture  at  5C  =  0.2  mm  is  in  the  range  of  -13  -  -15  °C. 
Such  a  brittle  transition  temperature  range  of  the 
deposited  metal  is  characteristic  for  the  wire-flux 
systems  widely  used  in  practical  work  in  sub¬ 
merged-arc  welding  of  low-alloyed  steels  and  for 
wire-gas  systems  in  the  traditional  modes.  In 
coated-electrode  arc  welding,  however,  generation 
of  similar  results  depends  on  introduction  of  alloy¬ 
ing  elements  into  the  coating  composition  or  ap¬ 
plication  of  heat  treatment.  The  CTOD  testing  re- 


Table  2.  Mechanical  properties  of  the  deposited  metal 


Shielding 

gas 

Current,  A 

Yield  point, 
Oy,  MPa 

Ultimate 

tensile 

strength,  o(  , 
MPa 

85,  % 

Work  of  fracture 

+20  -20 

,  KV,  J  at  T,  'C 

-40  -60 

300 

437.2 

581.9 

26.2 

175.6 

102.6 

71.6 

51.5 

60/30/10 

350 

436.3 

586.0 

26.0 

157.5 

73.1 

58.8 

27.0 

400 

520.2 

660.9 

13.2 

86.8 

45.4 

35.3 

19.2 

300 

462.9 

580.5 

30.3 

195.7 

107.9 

104.1 

39.7 

75/15/10 

350 

459.4 

583.2 

26.6 

168.7 

116.7 

61.9 

39.2 

400 

539.8 

670.3 

18.0 

63.2 

32.6 

24.8 

21.4 

300 

528.5 

615.2 

25.5 

140.2 

94.1 

76.5 

26.0 

90/10 

350 

473.0' 

598.2 

24.8 

158.9 

117.6 

56.5 

40.2 

400 

465.3 

588.2 

18.0 

162.3 

74.2 

54.2 

18.7 
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Table  3.  Mechanical  properties  of  welded  joints 


Sample  desiqna- 
tion 

Shielding  gas 

CTt ,  MPa 

Bend  angle,  deg 

Work  of  fracture,  KV,  J, 

at  T,  °C 

+20 

-20 

-40 

Zl 

90/10 

566.7 

130 

104.4 

66.7 

45.1 

559.1 

130 

90.2 

55.9 

26.5 

101.7 

49.6 

23.5 

Z3 

60/30/10 

564.8 

130 

113.8 

49.0 

36.3 

573.5 

130 

128.5 

59.8 

23.5 

83.4 

56.9 

42.2 

suits  arc  preferable  in  evaluation  of  the  deposited 
metal  produced  in  welding  in  helium-containing 
mixtures. 

Investigation  of  welded  joints.  Butt  joints  of 
20  mm  18G2A  steel  were  studied.  Plates  with  Y- 
shaped  edges  (50°  groove  angle)  were  assembled 
without  a  gap  and  welded  in  the  studied  gas  mix¬ 
tures  at  430  A  current.  The  heat  input  in  welding 
was  28  kj/cm.  The  welded  plates  were  subjected 
to  X-ray  inspection,  and  then  samples  for  mechani¬ 
cal  testing  were  cut  out  of  them.  The  testing  results 
are  given  in  Table  3. 

As  shown  by  the  testing  results,  the  mechanical 
properties  of  welded  joints  practically  do  not  de¬ 
pend  on  the  composition  of  the  shielding  gas  which 
in  our  experiments  was  the  only  varying  parameter. 
It  follows  from  these  results  that  under  the  pro¬ 
duction  conditions  not  only  Ar  +  30  %  He  +  10  % 
CO2  mixture,  but  also  Ar  +  10  %  CO2  mixture  as 
a  less  expensive  gas  providing  good  properties  of 
the  metal  of  the  welds  and  the  welded  joints,  can 
be  used  for  arc  protection. 

CONCLUSIONS 

At  up  to  450  A  current,  the  MAG  welding  process 
runs  in  a  stable  manner  and  does  not  practically 
depend  on  the  composition  of  the  studied  shielding 


gas,  namely  Ar-CC>2  or  Ar~He-C02.  The  shape  and 
dimensions  of  the  beads,  as  well  as  the  mechanical 
properties  of  the  deposited  metal  and  welded  joints 
are  independent  of  the  composition  of  the  studied  gas 
mixtures.  Helium  addition  does  not  make  any  essen¬ 
tial  influence  on  the  nature  of  the  welding  process 
and  its  results.  Use  of  a  simple  and  inexpensive 
Ar-C02  mixture  provides  a  high  brittle  fracture 
resistance  in  the  weld  metal,  which  is  indicated  by 
the  results  of  impact  bend  and  CTOD  testing.  This 
is  the  result  of  a  relatively  low  content  of  nonmetal ic 
inclusions  in  the  welds  and  a  favourable  structure 
with  prevailing  acicular  ferrite,  as  well  as  sections  of 
fine-grained  pearl  ite  and  ferrite  structures  in  the 
zones  exposed  to  the  heat  applied  when  filling  the 
multipass  weld  groves. 
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ENSURING  OF  SAFE  OPERATION  AND  EXTENSION 
OF  SERVICE  LIFE  OF  MAIN  PIPELINES 
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ABSTRACT 

The  Joint-Stock  Company  Transneft  developed  and  put  into  operation  the  system  for  ensuring  safe  operation  and 
extension  of  service  life  of  main  pipelines.  The  system  is  based  on  integrated  four-level  diagnostic  monitoring 
using  in-pipe  high-resolution  diagnostic  gears,  allowing  all  types  of  defects  which  are  the  main  causes  of  accidents 
to  be  revealed.  Repair  of  pipelines  is  planned  on  the  basis  of  estimation  of  an  extent  of  danger  of  defects  revealed. 
The  composite-coupling  technology  is  employed  for  selective  repair  of  pipelines  without  any  interruption  of 
pumping.  The  system  makes  it  possible  to  fundamentally  decrease  the  rate  of  accidents  at  main  oil  pipelines  and 
provides  substantial  cost  effectiveness. 


Key  words:  main  pipelines,  in-pipe  diagnostics,  techni¬ 
cal  state,  selective  repair,  monitoring. 

One  of  the  basic  requirements  imposed  on  main 
pipelines  is  their  reliability  and  safety  during  a 
long-time  operation. 

The  Transneft  system  of  main  oil  pipelines  with 
a  diameter  from  530  to  1220  mm  is  an  integrated 
underground  engineering  structure  with  a  total 
length  of  46800  km,  which  connects  oil  production 
regions  with  refinery  centres  and  export  terminals. 
It  pumps  through  almost  all  oil  produced  in  Russia. 

At  present  the  operating  life  of  about  half  of 
all  main  oil  pipelines  has  exceeded  their  assigned 
life  of  33  years  or  is  close  to  it  (Figure  1). 

In  fact,  the  Transneft  system  of  main  oil  pipe¬ 
lines,  that  lived  through  the  running-in  and  stabi¬ 
lization  periods,  has  come  to  the  so-called  « wearing 
life  period»,  which  is  characterized  by  a  general 
deterioration  in  its  state  and  an  increased  risk  of 
accidents.  This  is  caused  by  a  considerable  operat¬ 
ing  life  of  pipelines,  decrease  in  their  load-carrying 
capacity  due  to  strain  ageing  and  accumulation  of 
damages  in  the  pipe  metal  and  welds. 

Analysis  of  causes  of  accidents  shows  that  they 
are  associated  primarily  with  development  of  cor¬ 
rosion  and  fatigue  damages,  the  initiation  centres 
of  which  are  various  factory  defects  made  in  pipes 
during  manufacture,  construction-erection  opera¬ 
tions  and,  in  particular,  during  welding. 

Traditionally,  the  problem  of  prevention  of  ac¬ 
cidents  was  solved  first  of  all  by  overhaul  of  a 
linear  part  of  a  pipeline,  by  replacing  all  pipes  or 
insulation  coatings  in  large  sections  of  pipes.  In 
this  case  the  information  for  selection  of  sections 
to  be  repaired  was  limited  and  included  only  the 
data  of  test  pitting  and  results  of  measurement  of 
electrochemical  protection  potential.  By  the  begin¬ 
ning  of  the  1 990s,  under  conditions  of  the  «wearing 


life  time»  of  main  oil  pipelines,  the  traditional 
methods  exhausted  their  potential.  The  rate  of  ac¬ 
cidents  at  the  linear  part  of  pipelines  has  been  grow¬ 
ing. 

It  should  be  noted  that  the  rates  of  processes 
of  accumulation  and  development  of  damages  for 
different  regions  of  oil  pipelines  can  be  substan¬ 
tially  different.  Therefore,  to  effectively  prevent 
accidents  at  minimum  associated  costs,  the  pipeline 
should  be  restored  only  in  those  defective  zones 
where  a  decrease  in  strength  of  the  pipe  reached  a 
dangerous  level,  while  the  rest  of  the  zones  should 
be  kept  under  control,  i.e.  repair  should  be  made 
depending  upon  the  actual  state. 

This  idea  was  used  as  the  basis  for  development 
by  Transneft  of  a  cardinally  new  system  for  ensur¬ 
ing  safe  operation  and  extension  of  service  life  of 
main  pipelines. 

The  system  includes  the  following  subsystems: 


1998 


Figure  1.  Operating  life  of  the  Transneft  main  oil  pipelines: 
I  -  up  to  10;  II  -  from  10  to  20;  III  -  from  20  to  33;  IV  - 
above  the  depreciation  term  of  33  years 
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Figure  2.  Classification  of  causes  of  accidents  at  the  Transneft 
main  oil  pipelines  in  1990  (0.27  acc./lOOO  km):  I  —  corrosion; 
II  —  factory  defects  (delaminations,  inclusions,  longitudinal 
welds);  III  —  erection-construction  defects  (dents,  buckles, 
longitudinal  welds);  IV  —  mechanical  damage 


Figure  3.  Classification  of  causes  of  accidents  at  the  Transneft 
main  oil  pipelines  in  1996  (0.19  acc./lOOO  km):  I  —  defects 
in  assembly  circumferential  welds;  II  —  corrosion  damage; 
III  —  defects  in  factory  longitudinal  welds;  IV  —  incidental 
damage 


receiving  and  processing  of  primary  information 
on  the  state  of  a  pipeline  on  the  basis  of  the  in-pipe 
diagnostics  data; 

evaluation  of  the  technical  state  and  defining 
of  safe  conditions  for  operation  of  the  pipeline; 

maintenance  and  restoration  of  serviceability  of 
the  pipeline; 

monitoring  of  the  technical  state  of  the  pipeline. 

The  system  is  based  on  a  classical  principle: 
detection  of  defects  in  the  pipeline,  evaluation  of 
their  state,  repair  of  the  most  dangerous  defects 
and  monitoring  of  the  rest  of  the  defects.  All  this 
is  done  without  interference  into  normal  operation 
of  the  pipeline. 

The  cardinally  new  and  key  point  of  the  deve¬ 
loped  system  is  the  use  of  the  in-pipe  diagnostics. 
Diagnostic  gears,  which  are  made  following  the 
specialty  specifications,  are  unique.  They  are  uti¬ 
lized  in  oil  pipelines  of  Russia  and  other  CIS  coun¬ 
tries,  featuring  stable  operation  and  giving  quali¬ 
tative  test  results.  There  arc  four  types  of  gears. 
They  differ  in  principles  of  operation,  are  charac¬ 
terized  by  a  high  resolution  and  allow  the  four-level 
diagnostic  monitoring  to  detect  such  types  of  de¬ 
fects: 

pipeline  geometry  defects  (dents,  buckles); 

metal  losses  and  delaminations; 

cracks  and  crack-like  defects  in  circumferential 
welds; 

cracks  and  crack-like  defects  in  longitudinal 
welds. 

First  of  all,  it  is  necessary  to  perform  monitoring 
of  level  I  —  check  the  presence  of  dents  and  buckles 
that  cause  narrowing  of  the  flow  section  of  the 
pipeline.  This  is  done  using  the  profile  metering 
gears.  Profile  metering  of  the  main  part  of  the  oil 
pipeline  system  of  Russia  was  completed  in  1997. 
All  narrowings  that  prevented  passage  of  the  gears 
were  removed. 

The  choice  of  priority  of  other  levels  of  moni¬ 
toring  was  based  on  analysis  of  the  accident  rates 
at  main  oil  pipelines  to  remove  primarily  the  defects 
which  caused  the  largest  number  of  accidents  (Fi¬ 
gure  2).  In  1990  it  was  corrosion.  Therefore,  diag¬ 
nostics  of  the  pipelines  was  started  with  using  ul¬ 
trasonic  flaw  detectors  which  enabled  such  defected 
to  be  detected. 


At  present  the  primary  inspection  of  the 
Transneft  main  oil  pipeline  system  using  the  ultra¬ 
sonic  flaw  detecting  gears  of  level  II  is  coming  to 
completion.  The  secondary  inspection  using  this 
type  of  gears  has  been  started  in  some  regions. 

Detection  and  removal  of  corrosion  defects  led 
to  a  substantial  decrease  in  the  total  amount  of 
accidents  in  1996.  At  the  same  time,  the  structure 
of  the  accident  events  was  changed  (Figure  3). 
Accidents  caused  by  defects  in  circumferential 
welds,  constituting  more  than  half  of  all  accidents, 
came  to  the  first  place. 

The  in-pipe  inspection  of  level  III  is  performed 
currently  to  reveal  these  defects.  This  is  done  using 
the  high-resolution- magnetic  gears.  More  than 
4000  km  of  main  oil  pipelines  have  been  already 
inspected  using  these  gears. 

The  work  on  the  manufacture  of  ultrasonic  gears 
of  level  IV,  intended  for  detection  of  crack-like 
defects  in  longitudinal  welds,  is  at  the  final  stage 
of  performance.  By  putting  these  gears  into  opera¬ 
tion,  Transneft  completes  the  formation  of  the  in¬ 
tegrated  four-level  diagnostic  monitoring  system 
for  detection  of  all  basic  types  of  defects  which 
may  cause  accidents  in  main  oil  pipelines. 

The  primary  goal  of  using  the  in-pipe  diagnos¬ 
tics  is  arrangement  of  monitoring  of  the  technical 
state  of  the  entire  system  of  main  oil  pipelines  in 
order  to  determine  the  rate  of  development  of  de¬ 
fects  and  choose  the  efficient  strategy  and  tactics 
of  repair,  which  eventually  will  make  it  possible 
to  control  the  life  of  oil  pipelines.  Currently,  moni¬ 
toring  is  realized  through  periodic  inspections  of 
oil  pipelines  using  ultrasonic  gears  of  level  II  to 
detect  metal  losses. 

Existing  scientific  procedures  and  devices  fail 
to  make  it  possible  to  precisely  determine  the  rates 
of  development  of  the  corrosion  processes.  Because 
of  many  factors,  such  as  differences  in  service  du¬ 
rations  and  conditions,  conditions  and  quality  of 
construction  operations,  pipe  materials,  insulation 
coatings,  etc.,  these  processes  occur  non-uniformly 
in  different  regions  of  oil  pipelines  and  develop 
with  different  intensities.  As  a  result,  some  regions 
may  be  in  a  satisfactory  state  and  some  —  in  a 
state  close  to  critical.  It  is  impossible  to  detect 
these  regions  without  the  use  of  the  in-pipe  diag- 
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nostics.  Therefore,  the  entire  system  of  oil  pipelines 
should  be  periodically  inspected  and  the  rate  of  the 
corrosion  processes  should  be  directly  measured. 

Analysis  of  the  data  of  repeated  inspections 
proves  that  the  corrosion  processes  are  developing 
both  inside  and  outside  of  the  pipelines.  Moreover, 
they  tend  to  develop  non-uniformly  along  the 
length  of  the  pipeline  and  at  different  rates. 

Results  of  the  repeated  inspection  of  the  entire 
system  of  oil  pipelines  using  the  ultrasonic  gear 
allow  the  rate  of  corrosion  to  be  estimated  for  each 
defect  and  in  each  location.  In  turn,  this  should 
enable  the  grounded  decisions  on  assignment  of 
regions  and  planning  of  terms  for  overhaul  and 
selected  repairs  at  minimum  costs  to  be  made,  re¬ 
liability  and  safety  of  operation  to  be  improved, 
service  life  of  main  oil  pipelines  to  be  extended 
and,  thus,  their  residual  life  to  be  controlled. 

In  future,  it  is  advisable  to  apply  this  approach 
of  repeated  inspections  to  magnetic  gears  of  level 
III  (to  detect  abnormalities  in  circumferential 
welds)  and  ultrasonic  gear  of  level  IV  (to  detect 
cracks  in  longitudinal  welds). 

The  efficient  calculation  method  are  needed  to 
estimate  the  degree  of  danger  of  defects  by  the  data 
obtained  using  the  in-pipe  gears.  For  this  purpose, 
the  full-scale  tests  were  conducted  to  check  static 
and  cyclic  strength  of  pipes  with  different  defects, 
such  as  corrosion,  scratches,  dents,  delaminations, 
cracks  in  the  base  and  weld  metal.  The  standard 
methods  for  calculation  of  strength  of  oil  pipelines 
containing  defects  were  developed  on  the  basis  of 
results  of  the  above  tests. 

Diascan  used  these  methods  to  determine  the 
actual  state  of  each  investigated  region  of  the  pipe¬ 
lines  without  their  stripping.  Defects  classified  as 
dangerous  are  subject  to  repair  within  the  shortest 
possible  time.  As  to  the  rest  of  the  defects,  they 
should  be  kept  under  control. 

The  wide-scale  in-pipe  diagnostics  in  conjunc¬ 
tion  with  estimation  of  strength  of  defective  regions 
made  it  possible  to  come  to  selected  repair  as  per 
actual  state  of  oil  pipelines. 

At  present,  overhaul  involving  replacement  of 
sections  is  made  only  in  locations  of  the  highest 
concentration  of  defects,  which  resulted  in  a  mul¬ 
tiple  increase  in  its  efficiency. 

The  new  efficient  technology  for  selected  repair 
was  developed  for  localized  defects,  which  consti¬ 
tute  3/4  of  their  total  amount.  This  technology 
had  to  meet  a  number  of  critical  requirements:  re¬ 
pair  without  interruption  of  pumping,  full  recovery 
of  strength  and  service  life  of  a  repaired  section, 
versatility  in  terms  of  repair  of  different  types  of 
defects,  repair  of  the  oil  pipeline  body  avoiding 
welding,  etc. 

As  shown  by  comparative  analysis,  among  all 
other  repair  methods  available  in  the  world  and  in 
domestic  practice,  the  composite-coupling  techno¬ 
logy  meets  these  requirements  to  the  highest  extent 
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Figure  4.  Filling  the  installed  coupling  with  a  composite  com¬ 
pound 


(Figure  4).  It  allows  repair  of  different  types  of 
defects  with  widely  differing  geometrical  parame¬ 
ters,  including  such  dangerous  defects  as  longitu¬ 
dinal  cracks  with  a  depth  of  up  to  70  %  of  the  pipe 
wall  thickness,  defects  of  metal  losses  deep  up  to 
90  %  and  weld  defects.  Also,  it  can  be  applied  to 
repair  defects  in  the  form  of  dents  and  buckles,  as 
well  as  combined  defects,  such  as  a  scratch  in  a 
dent. 

The  high  potential  of  this  technology  of  the 
combined-coupling  repair  is  based  on  the  fact  that 
it  can  serve  as  the  basic  technology  for  further 
development  of  new  types  of  repair  (under  the 
water,  under  winter  and  Arctic  conditions,  at  in¬ 
creased  humidity  and  temperature). 

At  present,  the  composite-coupling  technology, 
optimized  for  conditions  typical  for  Russia,  is  ap¬ 
plied  by  Diascan  to  the  Transneft  system  of  main 
oil  pipelines.  The  regulatory  documents  for  its  ap¬ 
plication  are  available.  This  technology  has  found 
its  way  into  application.  The  work  on  installation 
of  composite  couplings  is  done  by  qualified  specia¬ 
lists  of  ten  repair  departments  of  Diascan,  which 
are  equipped  with  all  necessary  materials  and  fa¬ 
cilities. 

Application  of  this  system  at  Transneft  for  the 
first  two  levels  of  diagnostics  resulted  in  a  profit 
of  $  734  min.,  which  was  gained  during  a  period 
of  1994  -  1997.  Cost  effectiveness  increased  with 
an  increase  in  the  scope  of  application  of  the  diag¬ 
nostics  and  repair.  This  provided  a  decrease  of  more 
than  4  times  in  the  accident  rate  at  the  linear  part 
of  the  main  oil  pipelines. 

The  efficiency  of  the  system  for  safe  operation 
and  extension  of  service  life  of  main  oil  pipelines 
has  been  proved  by  its  practical  application  by 
Transneft.  The  system  is  versatile  and  is  worthy  of 
being  employed  at  any  main  gas  and  oil  pipelines 
of  Russia  and  throughout  the  world. 
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HEAT  TREATMENT  AND  CLADDING  USING  A  LIGHT 

BEAM  HEATING 


SHAN  JIGUO,  WU  AIPING,  ZHANG  DI  and  REN  JIALIE 

University  Thing-hua,  China 


ABSTRACT 


The  problems  of  heat  treatment  and  cladding  using  a  method  of  a  light  beam  heating  to  improve  the  serviceability 
of  components  under  the  complex  conditions  of  loading  are  considered.  It  was  established  that  the  use  of  a  light 
beam  source  is  an  alternative  to  a  laser  source.  It  is  shown  that  the  light  beam  cladding  of  a  composite  powder 
of  Ni-Cr~B-Si-WC  system  on  steel  45  contributes  to  the  increase  in  microhardness  of  coating  almost  by  2  times. 


Key  words:  cladding,  light  beam  heating,  surface 
modifying,  microhardness,  energy  input. 

The  application  of  a  light  beam  as  a  heating  source 
for  different  welding  and  allied  processes  has  se¬ 
veral  advantages  as  compared  with  other  high-con¬ 
centration  heating  sources.  Unlike  the  laser  and 
electron  beam,  a  light  beam  treatment  does  not 
require  an  expensive  equipment  and  the  efficiency 
factor  of  this  process  is  much  higher.  Investigations 
carried  out  over  the  recent  years  confirmed  the 
challenging  future  for  using  the  light  beam  heating 
for  hardening  and  cladding  the  different  compo¬ 
nents  [1  -  5]. 

The  present  paper  describes  the  results  of  in¬ 
vestigations  of  technological  processes  of  a  light 
beam  heat  treatment  and  cladding,  structural  trans¬ 
formations  in  as-treated  and  as-clad  metals,  and 
also  properties  of  heat-treated  and  deposited  layers. 

A  light  beam  installation  of  the  SR-1  type  [1], 
developed  at  the  University  Thing-hua,  was  used. 
It  consists  of  three  main  parts:  a  power  source,  a 
radiator  and  optical  systems  (Figure  1).  An  arc 
xenon  air-cooled  lamp  of  5  kW  capacity  serves  a 
radiator.  The  power  source  with  a  falling  external 
characteristic  provides  a  flexible  control  of  the 
lamp  power  within  the  ranges  from  0.6  to  5.0  kW. 
An  elliptic  reflector  with  a  /2//1  =  14  ratio  of  focal 
distances  was  used  as  a  primary  optical  system, 


Figure  1.  Schematic  diagram  of  a  light  beam  unit  of  SR-1  type 


while  a  lens  with  a  60  mm  focal  distance  was  used 
as  a  secondary  optical  system  that  provides  a  power 
density  of  up  to  MO4  W/cm2  at  5  mm  diameter 
of  a  heat  spot  and  allows  the  heat  treatment  and 
cladding  of  products  to  be  performed  with  the  high 
productivity. 

To  determine  the  technological  capabilities  of 
a  light  beam  the  experiments  were  carried  out  on 
melting  different  alloys.  It  was  established  that  the 
light  beam  heating  ensures  a  reliable  melting  both 
of  tin-based  fusible  alloys  and  also  refractory 
nickel-based  alloys  (Table  1). 

The  grey  cast  iron  specimens  were  light-beam 
treated  with  and  without  fusion  of  their  surface. 
The  initial  microstructure  of  a  grey  iron  is  a  flaky 
graphite  and  a  pearlitic  matrix. 

At  cast  iron  treatment  with  a  surface  fusion  the 
effect  of  sizes  of  a  spot  of  a  focused  light  beam  and 
energy  input  on  structure  and  properties  of  the 
fused  surface  were  studied.  Using  the  metal- 
lographic  sections  the  microstructure  was  exami¬ 
ned,  sizes  of  the  fused  zone  were  determined,  mi¬ 
crohardness  of  metal  in  its  depth  was  measured.  At 
5  kW  capacity  of  light  beam  and  10  mm  size  of  the 
heat  spot  the  reduction  in  an  energy  input  from 
7000  to  5000  J/mm  leads  to  the  decrease  in  a  width 
of  the  zone  fused  from  1 2  to  10  mm  and  its  depths 
from  1 .0  to  0.5  mm. 


Table  1.  Values  of  temperature  of  melting  different  alloys 
and  light  beam  power  consumed  for  their  melting _ 


Alloy 

Melting  temperature,  °C 

Power,  kW 

Sn-Pb 

183 

1.1 

Al~Si 

570 

1.3 

Cu-Zn 

790 

2.7 

Cu-Mn 

890 

2.7 

Ni-Cr-B-Si 

1050 

4.5 

Ni-Cr-Zr 

1200 

4.5 
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Figure  2.  Microstructure  of  white  cast  iron  treated  with  a  light  beam:  a  —  surface  zone  (with  fusion)  (x500) (reduced  by  0.75); 
b  —  the  same  (without  fusion  );  c  —  boundary  of  a  treated  zone  (without  fusion)  (xl 500) (reduced  by  0.80) 


At  high  values  of  the  energy  input  the  metal  of 
a  surface  layer  has  a  purely-austenitic  structure  due 
to  the  carbon  burning  out,  its  hardness  docs  not 
exceed  HV 0.2  350.  The  deeper  layers  have  a  struc¬ 
ture  which  consists  of  a  ledcburite  and  troostite. 
Microhardness  of  this  zone  reaches  HV 0.2  700.  A 
ledeburite  structure  with  graphite  inclusions  is 
formed  at  the  boundary  of  the  fused  zone  due  to 
relatively  low  rates  of  cooling.  Its  microhardness 
is  HV 0.2  550. 

At  decrease  in  the  energy  input  to  5000  J/mm 
the  carbon  burning  out  in  a  surface  layer  was  not 
observed.  The  microstructure  of  this  zone  is  a  ledc¬ 
burite  and  troostite,  the  microhardness  of  metal  is 
HV 0.2  850.  It  should  be  noted  that  the  microhard¬ 
ness  across  the  thickness  of  the  fused  layer  in  this 
case  is  higher  than  in  treatment  with  an  energy 
input  7000  J/mm.  To  improve  the  hardness  and 
produce  martensite  in  the  fused  layer  the  surface 
was  treated  at  a  lower  energy  input  than 
5000  J /mm.  However,  in  the  fused  zone  and  HAZ 
the  martensitic  transformation  was  not  also  ob¬ 
served  and  the  hardness  was  not  increased. 

At  decrease  in  a  heat  spot  to  5  mm  and  appro¬ 
priate  increase  in  a  power  density  of  the  light  beam , 
the  cooling  rate  is  increased  and  the  structure  of 
the  cast  iron  fused  layer  is  changed.  Except  the 
ledeburite,  the  martensite  is  appeared  in  the  struc¬ 
ture  of  metal  of  the  fused  zone  and  HAZ  (Fi¬ 
gure  2,  a ),  thus  contributing  to  the  significant  in- 


Figure  3.  Microstructure  of  coating  deposited  on  steel  45  using 
different  surfacing  mixtures:  a  —  WC  with  a  nickel  cladding; 
b  —  the  same,  without  nickel  cladding  (x800)  (reduced  by 
0.75) 
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crease  in  their  microhardness  (HV 0.2  900  in  the 
fused  zone  and  HV§2  700  in  HAZ,  respectively). 

The  effect  of  technological  parameters  of  the 
process  on  size,  structure  and  microhardness  of  the 
hardened  zone  of  cast  iron  after  treatment  with  a 
light  beam  without  fusion  of  the  surface  was  in¬ 
vestigated  (Table  2).  The  results  of  experiments 
showed  that  at  other  conditions  being  equal  the 
increase  in  power  (or  decrease  in  rate  of  displace¬ 
ment)  of  a  light  beam  with  respect  to  the  workpiece 
leads  to  the  increase  in  width  and  depth  of  the 
strengthened  zone,  however,  the  rigid  conditions 
(high  power  and  rate  of  displacement  of  the  light 
beam)  is  more  preferable,  because  in  this  case  a 
high  efficiency  of  the  process  and  the  microhardness 
of  the  treated  layer  are  provided  (Table  2,  speci¬ 
mens  No.  2  and  4). 

The  microstructure  analysis  revealed  the  pear- 
lite-austenite-martensite  phase  transformation  in 
the  surface  layer  (Figure  2,  b).  At  the  boundary 
of  the  treated  zone  with  a  parent  metal  the  marten¬ 
sitic  transformation  was  not  observed  and  the  troos¬ 
tite  and  austenite  are  revealed  in  the  metal  structure 
(Figure  2,  c).  The  decrease  in  an  energy  input  leads 
to  the  refining  of  a  martensitic  structure  of  the 
surface  layer  and  to  the  appropriate  increase  in 
microhardness. 

The  technological  feasibility  of  using  a  light 
beam  for  cladding  was  investigated  on  12.35  x 
12.35  x  30.00  mm  specimens  from  annealed  steel 
45.  As  surfacing  materials,  the  mixtures  of  self- 
fluxing  nickel  powder  of  Ni-Cr-B-Si  system  (80 


Table  2.  Technological  parameters  of  process  of  light  beam 
treatment  of  grey  cast  iron  without  surface  fusion,  geometric 
sizes  and  microhardness  of  a  zone  treated 


No. 

of 

speci¬ 

men 

Speed  of 
work¬ 
piece 

displaceme 

nt, 

mtn/s 

Power 
of  light 
beam, 

kw 

Energy 
input, 
110 3 
J/mm 

Width /depth 
of  zone  treated, 
mm 

Microhard¬ 
ness,  HV0  2 

1 

4.2 

4 

0.82 

2.70/0.35 

722 

2 

6.0 

4 

0.60 

2.60/0.30 

770 

3 

8.6 

4 

0.40 

2.30/0.20 

895 

4 

8.6 

5 

0.50 

2.80/0.37 

882 

5 

2.9 

5 

1.40 

3.60/0.60 

776 

itic ■/:  •».< 

- 
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Table  3.  Distribution  of  chemical  elements  in  separate  phases  of  the  deposited  and  parent  metal 


Phase  (area  of  element  location) 

Elements, 

mass  % 

C 

Si 

Cr 

Fe 

W 

Ni 

Flaky  phase  (deposited  metal) 

18.97 

- 

21.47 

40.40 

14.12 

5.50 

y-phase  (transition  zone) 

7.45 

2.18 

4.71 

54.99 

2.86 

28.18 

Matrix  (parent  metal) 

22.16 

1.88 

0.18 

75.19 

- 

0.16 

mass  %)  and  powder  of  tungsten  carbide  of  con¬ 
ventional  type  and  clad  with  nickel,  were  used. 
The  chemical  composition  of  nickel  alloy  is  as  fol¬ 
lows,  mass  %:  0.7  C;  17.0  Fe;  18.0  Cr;  4.1  B;  4.0 
Si;  Ni  —  the  rest. 

Experiments  showed  that  in  cladding  with  a 
light  beam  at  a  large  heat  spot  and  argon  shielding 
of  the  weld  pool  only,  the  good  formation  of  the 
deposited  bead  is  not  ensured.  When  cladding  is 
made  in  a  quartz  chamber  filled  with  an  argon,  and 
also  in  case  of  decrease  in  a  heat  spot  during  clad¬ 
ding  out  of  a  chamber  and  argon  shielding  of  the 
weld  pool  only  (that  simplifies  significantly  the 
technology)  the  formation  of  the  deposited  layer 
is  noticeably  improved.  The  deposited  bead  has  a 
shape  of  a  convex  segment  with  a  small  angle  of 
wetting  at  thickness  of  up  to  1  mm  and  width  of 
up  to  10  mm,  thus  proving  a  rather  high  efficiency 
of  the  light  beam  cladding.  The  visual  inspection 
did  not  reveal  any  surface  defects  in  the  deposited 
layer. 

The  examination  of  microstructure  of  the  de¬ 
posited  layer  showed  that  introduction  of  the  tung¬ 
sten  carbide,  clad  with  nickel,  to  the  surfacing  pow¬ 
der  prevents  the  formation  of  such  defects  as  flakes 
and  non-metallic  inclusions  which  are  often  ob¬ 
served  in  case  of  using  a  conventional  tungsten 
carbide.  This  depends,  probably,  on  the  better  wet¬ 
ting  of  a  tungsten  carbide,  clad  with  nickel. 

Independently  of  the  condition  of  preparation 
of  the  tungsten  carbide  surface  the  microstructurc 
of  the  deposited  layer  consists  of  a  matrix  (y- 
phase),  near  the  boundary  of  which  the  eutectics 
is  revealed.  In  addition,  a  flaky  phase  was  ob¬ 
served  in  its  structure.  Tungsten  carbides  clad 
with  nickel  are  dissolved  completely  in  the  de¬ 
posited  layer  (Figure  3,  a ),  and  their  forming 
elements  (tungsten  and  carbon)  are  either  dis¬ 
solved  in  y-phasc  with  its  hardening  or  they  form 
complex  carbides  with  alloying  elements  of  the 
nickel  alloy.  This  is  proved  by  tungsten  appear¬ 
ance  in  y-phase,  and  also  by  the  increased  content 
of  carbon,  chromium  and  iron  in  primary  flaky 
phases  (Table  3).  Unlike  the  tungsten  carbides 
clad  with  nickel,  the  carbides  without  cladding 
do  not  dissolve  in  the  alloy  matrix  (Fi-gure  3, 
b).  At  the  boundary  of  parent  and  deposited  met¬ 
als  there  is  a  noticeable  transition  zone  whose 
width  is  approximately  0.025  mm. 


X-ray  microanalysis  revealed  an  increased  con¬ 
tent  of  iron  and  carbon  in  the  transition  zone  that 
was  due  to  an  additional  fusion  of  the  parent  metal 
and  its  mixing  with  the  deposited  metal.  The  HAZ 
metal  structure  is  sorbite-troostite  without  pre¬ 
sence  of  the  martensite.  This  is,  probably,  explained 
by  a  small  rate  of  cooling  because  of  a  relatively 
low  density  of  radiation. 

The  hardness  of  the  deposited  metal  is  rather 
high.  At  the  same  time  high  scattering  of  its  values 
is  observed.  Thus,  the  mean  value  of  hardness  of 
the  deposited  metal  which  contains  the  tungsten 
carbides  without  nickel  cladding  is  HRC  54  at  mean 
square  deviation  19.6306,  while  in  case  of  using 
the  tungsten  carbides  clad  with  nickel  it  is  HRC  46 
at  mean  square  deviation  5.5136.  Microhardness  of 
the  deposited  metal  is  almost  twice  higher  than 
that  of  the  parent  metal.  Moreover,  the  introduc¬ 
tion  of  tungsten  carbides  without  nickel  cladding 
leads  to  an  abrupt  variation  of  values  of  microhard¬ 
ness  because  of  the  formation  of  defects. 

CONCLUSIONS 

1.  Treatment  of  surfaces  of  structural  metallic 
materials  with  a  light  beam  is  very  promising  for 
improving  the  surface  properties  of  the  compo¬ 
nents. 

2.  Light  beam  cladding  of  a  composite  powder 
of  Ni-Cr-B-Si-WC  system  on  steel  45  promotes 
the  increase  in  hardness  almost  by  2  times.  It  is 
recommended  to  use  the  particles  of  the  tungsten 
carbides  clad  with  nickel  during  the  light  beam 
cladding  to  prevent  the  formation  of  defects  and 
to  provide  the  best  effect  of  hardening. 
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ADVANCED  EQUIPMENT 
FOR  ELECTRON  BEAM  WELDING 


More  than  ten  units  for  EBW  of  small-  and  large-sized  items  have  been 
exported  over  the  last  3  years 


The  E.O.  Paton  Electric  Welding  Institute.  Tel./fax  :  (38044)  265  43  19,  220  94  54 


ADVERTISING 


ADVERTISING 


SPACE  TECHNOLOGY 

-v-  Development,  testing  and  adaptation  to  on-board  sys¬ 
tems  of  processing  equipment  for  use  in  space  objects 

-0*  A  package  of  engineering  services  in  the  field  of  electron 
beam  technologies  for  space 

4-  Development  and  testing  of  tools  for  performance  of 
manual  welding  and  other  operations  in  raw  space 

^  Design,  fabrication  and  testing  of  transformable  welding 
structures  for  space  applications 


SPACE  TECHNOLOGY  DEPARTMENT  OF  THE 
EO.  PATON  ELECTRIC  WELDING  INSTITUTE 

Tel.:  (380  44)  227  67  57 
Fax:  (380  44)  220  91  15 
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INTERNATIONAL  ASSOCIATION 


UKRAINE  -  PWI 

♦ 

VIETNAM—  NIIMASH 

♦ 

HUNGARY  —  ITI 

♦ 

CZECH  REPUBLIC  -  KZU  HOLDING 


The  most  advanced 
multifunctional  inverter  sources 
for  high-quality  welding 


MANAGEMENT  and  FULFILMENT  of  international 
and  national  projects,  contracts  in  the  field  of  surface 
engineering,  repair  and  welding,  fabrication  of  steel 
structures 

EXPORT  -  IMPORT  of  services,  materials,  equip¬ 
ment  and  know-how 

INFORMATION  and  CONSULTING  services,  orga¬ 
nizing  of  joint  ventures 

ARRANGEMENT  of  conferences,  seminars,  educa¬ 
tion  in  Ukraine  and  abroad 

1 1,  Bozhenko  str., 

Kyiv,  03680,  Ukraine. 

Tel.  /Fax:  (380  44)  269  09  60. 

E-mail:  kdv@interm.  carrier,  kiev.  ua 


♦  with  coated  electrodes 

♦  WIG/TIG  welding 


♦  MIG/MAG  welding 


http : //www. f ronius . com/worldwide/ua 


FRONIUS-FAKEL 
welding  systems 


"Fronius-Fakel"  Co. 

Slavy  str.,  Knyazhichi,  Brovary 
area,  Kyiv  distr.,  07455,  Ukraine 
Tel.:  (3804494)  6  27  68,  5  41  70 
Fax:  (3804494)  6  27  67 
E-maii:  fronius@ukrpack.net 


mmmM& 

SYSTEM  OF  ENTERPRISES 
«EXPLOWELD» 

WELDING  EQUIPMENT 
AND  MATERIALS 

Development,  manufacture, 
selling,  delivery,  servicing 

11,  Bozhenko  str.,  Kyiv,  03680,  Ukraine 
Tel.:  (380  44)  295  35  38,  269  98  84, 

269  12  56,  277  86  44,  277  40  14 
Fax:  (380  44)  295  54  67,  269  12  56 
Specialized  shops: 

(380  44)  227  47  67,  220  40  47, 

261  19  85,  277  73  13 


RPF  "PATON  -  ELECIRODE" 

ma  provides  standard  and  technical  documentation 
for  general-  and  special-purpose  electrodes  and 
renders  assistance  in  mastering  their  manufac¬ 
ture 

^  works  out  documentation  for  the  quality  assu¬ 
rance  systems  in  accordance  with  the  require¬ 
ments  of  DSTU  ISO  90000 

^  delivers  general-  and  special-purpose  elec¬ 
trodes 

b"  performs  audit  of  electrode  production  and  ren¬ 
ders  technical  assistance  in  its  improvement 

b"  provides  engineering  and  consulting  services  in 
the  arrangement  of  new  electrode  factories  using 
domestic  and  foreign  equipment 


Tel.  /  Fax:  (380  44)  227  46  41 , 
220  97  87,  262  51  81 


Development,  manufacture  and  delivery  of 
packages  of  equipment  for  production  of 
welding  electrodes 

Upgrading  the  existing  facilities 

Supply  of  individual  components 

Development  and  manufacture  of  welding 
and  surfacing  electrodes  for  different  appli¬ 
cations 

Supply  of  finished  charge  mixtures  and  wire 
for  gas  welding 


MANUFACTURE,  SELLING 
SERVICING 


Small-sized,  high-efficient  and  en¬ 
ergy-saving  welding  equipment  for 
1 10  -  300  A  currents  with  limitation 
of  an  open-circuit  voltage  to  1 2  V 


>*  Self-contained  mobile  welding 
complexes  on  the  base  of  reso¬ 
nance  invertors 


>*  Welding  invertors  for  MMA  and  TIG 
_  welding  at  80  -  300  A  currents 

EPIS,  Ltd. 

94-96  Gorky  str.,  room  14,  Kyiv,  03150,  Ukraine. 

Tel. /Fax:  (380  44)  261  51  02,  261  58  44. 
Specialized  shop:  « INPAT  -  SERVICE» 

Tel.:  (380  44)  220  92  89. 


PLASMA- 

MASTER 


NEtT  ELECTROSL^CT  TECHNOLOGIES 
WITHOUT  CONSUL 46LE  ELECTRODES 


▼  A  wide  range  of  engineering  services  in  the  field  of 
electroslag  technologies  using  a  liquid  filler  metal  (EST 
LM),  such  as  cladding  (ESC  LM)  and  production  of  solid 
and  hollow  ingots  (ESR  LM) 

▼  Development  of  a  technological  process,  consulting  ser¬ 
vices  in  designing,  manufacture  and  putting  into  service 
of  a  specialized  equipment,  training  of  personnel 


Elmet-Roll 
Group  of  Medovar 


Private  Box  259, 

Kyiv- 150,  03150,  Ukraine. 
Tel.:  (380  44)  220  95  42. 
Fax:  (380  44)  227  52  88. 
E-mail:  elmetmg@roll. kiev.ua 


STATE  COMPANY 
RESEARCH-ENGINEERING  CENTRE  «DUGA» 
THE  E.O.  PATON  ELECTRIC  WELDING  INSTITUTE 
NATIONAL  ACADEMY  OF  SCIENCES  OF  UKRAINE 


Lines  of  activity:  arc  welding,  spot  and  seam 


resistance  welding,  surfacing  and  deposition  of 


protective  coatings,  welded  structures:  design , 


fabrication,  commissioning,  service 

Application:  general  engineering,  transport , 
defence  industry,  agricultural  engineering  and 
construction 


11,  Bozhenko  str.,  03680,  Kyiv,  Ukraine 
Tel.  /  fax:  (380  44)  220  92  80 
Tel:  (380  44)  227  66  24 


Research  and  Production  Firm 

«PLASMA  -  MASTER  Ltd.» 


0  Technological  developments  in  the 
field  of  a  plasma  surfacing 

0  Equipment  for  plasma-powder  sur¬ 
facing 

0  Surfacing  plasmatrons  of  different 
modifications  and  purposes 

0  Surfacing  of  machine  parts  at 
customers’  requests 


7,  Yakutskaya  str., 

Kyiv,  03134,  Ukraine 
Tel.:  (380  44)477  93  51. 
Fax:  (380  44)  475  35  98. 
E-mail:  plasma@akcecc.kiev.ua 


Mpy/www.  ka  n  nat/^pla  sma 

Discharge  Ph 
Plasma  Tech: 

Visit  our  page 
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UP-TO-DATE  INVERTERS  FOR  ARC  WELDING 


KORAL- 154/i"  ARC  WELDING  SOURCE  BASED  ON 
HIGH-FREQUENCY  TRANSISTORIZED  INVERTER 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 


Supply  voltage  (V,  Hz) . 

Maximal  input  current  (A) . 

Limits  of  welding  current  adjustment  (A), 

Open-circuit  voltage  (V) . 

Efficiency  (%) . 

Power  factor . 

Duty  cycle . 

Overall  dimensions  (mm) . 

Weight  (kg) . 


. 220/50 

. 18 

. 5-140 

. 55 

. 85 

. 0.95 

90A-100%,  120A-60%,  140A-35% 

. 290x240x125 

. 7.6 


"KORAL- 163/i"  ARC  WELDING  SOURCE  BASED  ON 
HIGH-FREQUENCY  TRANSISTORIZED  INVERTER 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 


Supply  voltage  (V,  Hz) . 

Maximal  input  current  (A) . 

Limits  of  welding  current  adjustment  (A) 

Open-circuit  voltage  (V) . 

Efficiency  (%) . 

Power  factor . 

Duty  cycle . 

Overall  dimensions  (mm) . 

Weight  (kg) . 


. 220/50 

. 20 

. 5-160 

. 75 

. 87 

. 0.95 

1 10A-100%,  130A-60%,  150A-35% 

. 290x240x125 

. 6.6 


KORAL-301/2"  ARC  WELDING  SOURCE  BASED  ON 
HIGH-FREQUENCY  TRANSISTORIZED  INVERTER 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 


Supply  voltage  (V,  Hz) . 

Maximal  input  current  (A) . 

Limits  of  welding  current  adjustment  (A) 

Open-circuit  voltage  (V) . 

Efficiency  (%) . 

Power  factor . . . 

Duty  cycle . : . 

Overall  dimensions  (mm) . 

Weight  (kg) . 


. 220/50 

. 35 

. 10-300 

. 55 

. 85 

. 0.95 

,220A-100%,  250A-60%,  300A-35% 

. 290x240x125 

. 6.6 


Koral-301  family  of  welding  machines  is  a  set  of  multifunctional  transistorized  inverters  of  a  rearrangeable  structure 
based  on  identical  modules.  The  required  circuitry  of  the  source  is  selected  depending  on  the  technological  (welding, 

cutting,  surfacing)  problem  which  is  being  addressed. 


Machine  type 

Machine  functional  purpose 

Kora!-301/1 

D.C.  welding,  300  A  mode 

Koral-301/2 

D.C.  welding,  300  A  mode,  two-station  mode,  2  x  150  A 

Koral-301/3 

D.C.  welding,  300  A  mode,  two-station  mode,  2  x  150  A 

Koral-301/4 

D.C.  welding,  300  A  mode,  two-station  mode,  2  x  150  A 

Koral  301/5 

D.C.  and  A.C.  welding,  300  A  mode 

Koral  301 /pa 

D.C.  and  A.C.  welding,  300  A  mode,  two-station  D.C.  mode,  2  x  150  A 

D.C.  welding,  300  A  mode, 

mechanized  self-shielded  wire  and  CO2  weldingx) 

x)  Feeding  mechanism  with  a  mechanical  welding  current  modulator  is  used 


Further  information  is  available  at  the  following  addresses: 

EPIS,  Ltd. 

E.  O.  Paton  Electric  Welding  Institute,  Kyiv,  Ukraine 
Tel.:  (380  044)  261-51-02,  Fax:  (38044)  261-58-44 


o 

Research-Training  Centre 
"Welding  &  Testing" 


Research-Training  Centre  "Welding  &  Testing"  at  the  N.  E. 
Bauman  Moscow  State  Technical  University  (MGTU)  is  one 
of  the  leading  organizations  of  Russia  in  the  field  of 
welding  fabrication  and  non-destructive  testing. 


R&T  Centre  "Welding  &  Testing"  offers  an  entire  cycle  of  works  on  welding  and  non-destructive  testing,  including  devel¬ 
opment  and  manufacture  of  equipment,  working  out  of  regulatory  documents,  certification  of  equipment,  training  and 
attestation  of  specialists,  assistance  in  starting  up,  maintenance  and  service,  industrial  inspection  of  objects,  as  well  as 
development  of  welding  and  NDT  software  products.  Our  developments  have  found  wide  application  both  inside  the  coun¬ 
try  and  abroad. 


Computer  system  for  of  the  fusion  welding  process 
control 


This  computer  system  was  devel¬ 
oped  for  use  in  combination  with  stan¬ 
dard  welding  equipment  (welding  auto¬ 
matic  devices,  manipulators  and 
robots).  It  allows  improvement  of  weld¬ 
ing  quality,  reduction  in  reject  and 
improvement  of  welders’  working  con¬ 
ditions.  The  system  provides  visualiza¬ 
tion  of  the  scene  of  welding,  weld 
tracking,  determination  of  welded  joint 
geometry  and  control  of  weld  forma¬ 
tion  using  different  fusion  welding 
methods. 


Ultrasonic  tomography  flaw  detector  UD4-T 


Ultrasonic  tomography  flaw  detector  UD4-T 

is  intended  for  NDT  of  materials,  items  and 

welded  joints  to  check  the  presence  of  defects 

of  the  type  of  discontinuity  or  heterogeneity. 

UD4-T  is  applied  for: 

♦  detection  of  defects 

♦  measurement  of  coordinates  of  defects 

♦  measurement  of  amplitudes  of  echo-signals 

♦  measurement  of  equivalent  surface  areas  of 
defects 

♦  plotting  of  tomographic  images  of  type  B  of 
defective  regions  in  items  tested 

♦  evaluation  of  configuration  and  shape  of 
defects  detected 

♦  accumulation  and  storing  the  test  resuits  to 
enter  them  into  a  computer  data  bank  or 
print  out  in  the  form  of  a  document 


